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Abstract 
Wind shear and clear air turbulence are phenomena in which wind speeds can change 
rapidly presenting a threat to aircraft and their passengers. Lidar is a proven 
technique for wind speed measurement but remains a research tool only and is not 
yet commercially viable as an early warning system. This is mainly due to the 
expense and bulk of the single frequency injection locked lasers required for long-
range coherent measurements. 
A different design philosophy for a pulsed Doppler lidar system has recently been 
presented in the literature, where the reference beam pulse is stored in a fibre optic 
storage loop. Each successive reference pulse has travelled a distance equivalent to 
the measurement beam's path length. This approach reduces the coherence 
requirements and allows the use of cheaper, smaller, and lower coherence sources. 
However, a major problem of this system is that the energy of the stored pulses 
decays exponentially. 
This thesis introduces a new and improved reference pulse storage loop, which 
includes an erbium doped fibre amplifier to compensate for the decay of the 
reference signal. Details of the design are presented. The original storage loop 
concept is transferred to the fibre optics telecommunication wavelength range of 
1.55µm. The noise and gain of the system is characterized. Special attention is paid 
to avoiding laser oscillation while maintaining sufficient gain. The components, like 
isolators, filters, and polarisation controllers, required to achieve satisfactory 
operation are presented. Electronic and software techniques based on phase lock loop 
and wavelet transformation are included in the overall system design to reduce noise. 
The experiments prove that the amplitude of 16 stored pulses remains constant to 
within 10% fluctuation. 
To prove the validity of the concept the velocity of a rotating mirror is measured at 
various measurement distances of O to 583 m that coincide with the 16 reference 
pulses. The experiments show successful optical mixing between the stored 
amplified reference and the delayed measurement beams. In the range 1 to 10 mis the 
velocity can be determined to better than ±0.14 mis (standard deviation). Software 
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simulations of the system indicate that with improved equipment measurements 
should be possible for up to 70 stored pulses, which correspond to a measurement 
distance of 2,550 m. 
The results obtained illustrate that the amplified reference beam storage loop is a 
viable concept for Doppler lidar velocimetry. 
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Wind shear and clear-air turbulence are atmospheric phenomena in which wind 
speeds can change rapidly presenting a threat to aircraft and their passengers (NASA 
1998). Figure 1.1 pictures how wind shear affects an aircraft. The downdrafts are a 
danger to planes especially during takeoff and landing (NASA, 1992b ). As NASA 
(1992a) reported, between 1964 and 1985 wind shear has caused fatalities and 
injuries in the United States of America. Though lidar is a proven technique for wind 
speed measurement, clear air turbulence and wind shear detection (NASA 1992b), it 
remains a research tool only and is not commercially viable as an early warning 
system. This is mainly due to the expense and bulk of the single frequency injection 
locked lasers required for long-range coherent measurements. 
Figure I. I - This artist's sketch shows how windshear affects an aircraft. (NASA, 1992h) 
The problem with using a low coherence laser source for lidar systems is that a long 
path difference between measurement and reference beams causes the loss of 
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coherence before mixing of the beams. This implies that the reference beam must 
travel a distance of equal magnitude to that of the measurement beam. 
A new lidar design philosophy in which the transmitted pulse is sampled and stored 
in a fibre optic ring resonator has previously been proposed by Dorrington et al. 
(2001) in "Reference-beam storage for long-range low-coherence pulsed Doppler 
lidar". The authors generate a reference beam consisting of a pulse train that has 
travelled a distance equivalent to the measurement beam's path length, reducing the 
coherence requirements and allowing the use of cheaper and smaller laser sources. 
However, the proposed system is limited by the decay of the stored energy. 
In this thesis we expand the concept and attempt to overcome some of the problems 
associated with the previous storage loop design. The aim is to investigate whether 
we can 
• move to the telecommunication wavelength range around 1550 nm rather 
than using the 632 nm wavelength, 
• reduce the rapid amplitude decay of the stored reference pulses, 
• increase the number of pulses that are useful, and 
• progress the concept closer to a viable wind shear detection system . 
We have developed the concept to include an erbium-doped fibre amplifier (EDFA) 
inside the loop to compensate for losses, including output energy coupling. Proof of 
concepts experiments have been conducted that demonstrate optical mixing between 
amplified stored reference pulses and a Doppler shifted measurement beam. 
To develop the reference pulse storage requires an understanding of a wide range of 
topics including lidar, laser Doppler velocimetry, atmospheric Doppler lidar, and low 
coherence lidar theory. This project details an amplified reference pulse storage 
design, the hardware and software developments, and concepts of the optical system. 
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1.2 Description of thesis 
The aim of the work presented is to further develop the existing reference beam 
storage lidar system, to increase the number of reference beam pulses which remain 
coherent, stable, and equal over a large number of passes through a reference beam 
storage loop. This would reduce the size and cost of the present lidar systems making 
them commercially viable for the aviation industries on the ground as well as in the 
air. 
The next chapter discusses the background theory of lidar especially the techniques 
used for laser Doppler lidar. The reference pulse storage method is also introduced 
with the concept of low coherence lidar. This is the main inspiration for the presented 
work on the amplified reference beam storage. 
Chapter three presents the theory for using an erbium-doped fibre amplifier for 
reference pulse storage. Topics covered include the gain and noise characteristics and 
the four different pumping configurations available. Furthermore, special optical 
components that are used in the amplified reference beam storage loop are also 
covered in detail. 
The signal processing techniques used to reduce the noise of the output signal are 
presented in Chapter four. This chapter will first discuss in detail phase-locked loop 
demodulation and then the discrete wavelet transforms of a one-dimensional signal. 
Finally, the last section will present how to perform a peak search on the fast Fourier 
transformed (FFT) data. 
The experimental configuration of the amplified reference beam storage for low 
coherence long-range lidar is proposed and demonstrated in chapter five. The 
components discussed in chapter three are inserted into a reference beam storage 
loop in an attempt to increase the number of Doppler bursts from the previous 
reference beam storage loop design. Experimental results are presented to determine 
if the amplified reference beam storage loop would allow amplitude equalization of 
the reference pulses. 
The results obtained from the experiments are described in Chapter six. Velocity 
measurements with the amplified reference beam storage are presented to validate 
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the concept. This is done using a rotating mirror to cause a Doppler shift in the 
measurement beam. 
Chapter seven contains a summary of the effectiveness and performance of the 
improved reference pulse storage, as well as possible improvements that could be 
made in the future. 
21 
Chapter 2 
Introduction to velocimetry lidar 
Lidar is similar to the more familiar radar and can be thought of as laser radar. In 
radar, radio waves are transmitted into the atmosphere, which scatters some of the 
power back to the radar's receiver. Lidar also transmits and receives electromagnetic 
radiation but at a higher frequency. Lidars operate in the ultraviolet, visible and 
infrared region of the electromagnetic spectrum. 
Actually, ''Lidar" is an acronym for "Light Detection and Ranging''. It can be used to 
detect and track objects as a remote sensing technique in a non-contact and non-
destructive manner. Generally, a lidar system can measure properties in the 
atmosphere such as distance, velocity, particle size, temperature and chemical 
content of objects at a remote location. 
Different types of lasers are used depending on the power and wavelength required. 
The lasers may be either continuous wave or pulsed. Generally, the pulsed light 
source is made up of several components including laser, modulating driver and 
pulse circuit. The final output of the transmitter typically has pulse widths of about 
10 ns to 100 ns. 
2.1 Lidar overview 
A simplified block diagram of lidar consists of a transmitter, receiver and detector 
system. The lidar's transmitter is a laser, while its receiver is an optical telescope and 
detection system. The lidar transmits light from a laser, which is then directed 
through a telescope and usually a scanner toward the target. The backscattered or 
reflected signal from the target travels toward lidar and is then detected by the 
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receiver. When using appropriate signal processing to analyse this data the returned 
signal can describe the physical properties of the target. 
Lidar typically uses extremely sensitive detectors, e.g. photo-multiplier tubes, to 
detect the backscattered light. Photo-multiplier tubes convert the photons into electric 
currents, which can be stored and processed on a computer. The electric currents 
received are recorded for fixed time intervals during the return pulse. 
Various lasers are used depending on the required power and wavelength. Similarly, 
differing physical processes in the atmosphere are related to different types of light 
scattering. Choosing diverse scattering processes allows atmospheric composition, 
temperature and wind to be measured. 
2.1.1 Categories of lidar 
Lidar may be divided into three classes according to the detection technique (Drain 
1980). Autodyne lidar is the first of these and the simplest one. It is an incoherent 
method. The other lidar methods are homodyne and heterodyne, both of which are 






Figure 2. I -Autodyne /idar system. 
The incoherent lidar technique is also called ' direct detection' or ' incoherent 
detection ' lidar. Figure 2.1 shows an incoherent lidar system in which a light beam 
produced from a laser is directly incident on a moving object. A quantity of the laser 
beam is scattered back through an optical filtering unit towards the detector. This is 
called the autodyne lidar system. 
Though the pre-detection filtering can make use of timing and spectral information, 
the lidar system cannot retain any phase information. It is useful for aerosol 
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measurements but has a lower signal to noise ratio than coherent lidar systems 
(McGill and Skinner, 1997). 
The coherent lidar systems have been used for remote sensmg smce 1960. This 
technique works out the full frequency, phase and timing information of the received 
signal through optical mixing techniques (Vaughan et al. , 1996; Huffaker et al., 
1996). 
Figure 2.2 shows a coherent lidar employing laser light that passes through a beam 
splitter and separates into two beams. This is known as the homodyne lidar system. 
The returned signal from the target is mixed with a portion of the reference laser 
beam resulting in a beat signal at the detector. The beating is caused by a frequency 
difference between the unshifted laser signal of the reference beam and the Doppler 




Figure 2. 2 - Homody ne lidar system. 
Figure 2.3 shows another coherent lidar called heterodyne lidar system. It is similar 
to the homodyne system, except that the reference beam is derived from another 
source. The laser illuminates an object. Light is scattered back toward a detector 
where it is mixed with the beam of a second, local oscillator (LO) laser, injection 
locked to the transmitting laser and used as a reference beam generator. A variation 
often used involves generating a frequency offset reference beam from the 
transmitting laser with a Bragg cell. 





Figure 2. 3 - Heterodyne lidar system. 
This heterodyne technique has high sensitivity and provides phase and velocity 
information useful for velocimetry, wind sensing, and detection of aircraft wake 
vortices. With continuous wave (CW) lidar, very high velocity resolution is possible 
(Harris et al. 1998). 
2.2 Laser Doppler techniques 
2.2.1 Background 
Laser Doppler lidar is an important tool for measurement of atmospheric winds. 
Early Doppler lidars were based on coherent detection using CO2 lasers operating at 
10 µm, which is described by Hall et al. (1984) and Bilbro et al. (1984, 1986). More 
recently, Kavaya et al. (1989, 1991) have reported solid-state coherent Doppler 
lidars. Doppler lidars based on direct detection have also been proposed and 
demonstrated by Brown and Jones (1983), Chanin et al. (1989), Abreu et al. (1992) 
and Fischer et al. (1995). Coherent Doppler lidars typically offer high-sensitivity 
detection but require narrow-linewidth, pulsed laser technology and diffraction-
limited optical receivers. The optical and laser spectral requirements for a direct-
detection Doppler lidar are significantly reduced. 
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Figure 2. 4 - Light scattering by a moving object. 
If a light source and observer are moving relative to each other we can detect a 
frequency shift based on the relative velocities. Doppler velocimetry utilises this 
effect. A laser is shone onto a moving object, and the reflected or scattered light is 
detected including its Doppler shift. This frequency deviation can then be used to 
calculate the speed of the object. 
The scattering process is illustrated in Figure 2.4, where k0 and ks are the wave 
vectors of the incident laser beam and the scattered radiation, respectively. The 
object P is moving with velocity vector v. We then have a scattered light frequency 
j' given by (Drain, 1980; Tipler, 1983) 
, c-v ·k0 f =fa+ fd =fo·---
c-v·k s 
2-1 
where Jo is the frequency of the laser, j d is the Doppler shift frequency, and c is the 
speed of light in free space. Using the definitions of Figure 2.5 we find 
V Id = -( case - cos a) 
A 
2-2 
where Vis the magnitude of the particle ' s velocity, and A is the wavelength of the 
incident light. If light source and detector are at the same location and the object is 
moving towards the source, that is e is 0° and a is 180° then, 
2-3 
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2.2.3 Laser Doppler velocimetry 
Laser Doppler velocimetry (LDV) techniques can determine the Doppler shift caused 
by a target. Drain has reviewed these techniques in 1 980 and then Schawlow in 1983. 
Coherent light from a laser is focused onto the measurement region and the reflected 
or scattered light is frequency shifted due to the motion of the target. A detection 
system then collects and processes the backscattered light to determine the target's 
velocity. 
The LDV techniques are generally classified into three types. First is the differential 
Doppler, dual beam method (DBM) used to measure velocity. Truax et al., (1984), 
for example, have used the dual beam technique to measure surface motion. This 
technique is used most often for the implementation of LDV systems because of a 
greater signal to noise ratio compared to the following systems. 
The second technique is the two-scattered beam mode where light is collected from 
two directions. A beat signal can be observed when the two scattered beams are 
mixed, one of which is up-shifted and the other one is downshifted in frequency. 
Finally, there is the reference beam mode in which a reference beam and the 
scattered light are mixed. A beat signal is detected whose frequency is proportional 
to the Doppler shift. 
Both, the differential Doppler and reference beam modes employ only one scattered 
beam, whereas the two-scattered beam mode uses two. The differential Doppler 
mode uses two measurement beams, and the reference beam mode employs one. All 
techniques are capable of determining the velocity components in more than one 
direction and will be discussed in more detail in the following sections. 
2.2.4 Differential Doppler mode 
The differential Doppler mode or dual beam mode (Figure 2.5) uses a symmetrical 
prism beam splitter arrangement to divide the initial laser light into two separate 
beams with scattered light collected in the forward direction. The principle of 
operation is that two measurement beams, rather than a single measurement beam, 
are focussed onto the flowing object; no reference beam is needed. The interference 
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fringe pattern of Figure 2.6 is produced in the crossover volume of the two beams. 
The forward scattered light is collected onto a detector. 
It is desirable to collect the maximum amount of scattered light possible from the 
flowing object. Using a wide aperture does achieve this, and a high signal to noise 
ratio is obtained. Light collected in the forward direction is favoured over the 
backwards direction as light scattered from the flowing object is almost always 











Figure 2. 5 - Dual beam mode optical arrangement. 







The operation of the technique in the low particle density situation can most easily be 
understood in terms of the fringe pattern that exits in the crossover region of the two 
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measurement beams. Suppose the incident angle is B, then the distance between two 





where n is the refractive index of the target, and A is the wavelength of the incident 
light in free space. If the particle in the target is moving with a velocity v at an angle 
B to the normal of the fringe planes, the planes of constructive and destructive 
interference will modulate the scattered light intensity. A photo detector detects this 
light intensity. The frequency modulation is given as: 
2nv cosB sin(f!_) 
ilf = ..:!__ = 2 
· ilx Jc0 
2-5 
In this formula, the frequency modulation, LI(, is independent of the positioning of 
the photo detector. That is: we can collect scattered light anywhere, although the 
maximum intensity varies with the positioning of the photo detector. For this reason, 
the technique is sometimes called the 'intensity modulation' or 'real fringe' method. 
It is evident that the scattered light from the particle will also be modulated at this 
frequency, regardless of its direction. 
2.2.5 Two-scattered beam mode 
The two-scattered beam design (Figure 2.7) is very similar to the dual beam mode. 
Because of the different velocity components of the scattered light, there is a 
different effect of Doppler shift and then a different frequency deviation produced 
for each scattered beam. 
This system can be applied to detect wind shear, blood speed, cell recognition within 
fluid, and wind speed over an aeroplane wing (Drain, 1980). 
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Figure 2. 7 - Optical arrangement for two-scattered beam mode. 
2.2.6 Reference beam mode 
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There are two types of reference beam techniques; the first one uses two lasers as 
shown in Figure 2.8. Laser 1 provides the measurement beam and the injection 
locked laser 2 the reference beam. The reference beam and the scattered light are 
combined and focused onto the detector. Figure 2.9 shows the other method, which 
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Figure 2. 9 - Optical arrangement fo r reference beam mode. 
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The reference beam technique is also called local oscillation heterodyning method 
for the reason that the laser beams are divided into strong and weak beams. The 
strong beam is incident on a moving particle to produce the scattered light and the 
weak beam is directed into a detector as a reference. When the scattered beam and 
reference beam are mixed, they produce a beat signal whose frequency is due to the 
Doppler shift of the scattered light. 
The frequency is calculated as 
2nv sin ( 8) 
iJf = 2 
Ao 
2-6 
where B is the scattering angle and Ao is the incident wavelength. The scattering 
signal is usually weak, so more laser power is required compared to the dual beam 
mode. 
A reference beam can be generated from a laser, which is divided by a beam splitter. 
This design is shown in figure 2.10. 
Beam 
Beam Splitter Target combiner . Focusmg Lens 
Laser 
Reference Beam 
Figure 2. IO - Generation of a reference beam. 
In another arrangement the local oscillator is generated by Fresnel reflection from the 
fibre end at the input to the launching telescope as demonstrated by Karlsson et al. 
(2000) and shown in Figure 2.11. A flat fibre end can give a - 14.7 dB (3.3%) 
reflection. However, when the fibre end is polished at a specific angle, a certain 
amount of power from the laser source will be reflected as the local oscillator for 
mixing with the measurement beam in the receiving detection unit. 
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Plane normal 
to fibre end 
Figure 2. I I - Angled fibre end and doublet lens of the telescope. 
31 
Suppose that the angle of the fibre end is ~' the reflection will be misaligned by 2~ 
relative to the mode of the fibre . The coupling efficiency (rt) between two Gaussian 
beams (Marcuse, 1977; Kogelnik, 1964) is given as 
2-7 
where W1 and W2 are the beam radii of the Gaussian beams, n is the reflective index 
of the core, and ,1. is the wavelength of the light. When we add a factor (1 % ) 
representing the refection from the fibre-air interfaces and note that W, = W2, the 
resulting coupling efficiency is 
Y/ = exp(-4(1rn W/p )2 J(~ )2 
11. 2 n+I 
2-8 
A 4 ° angle-polished fibre end has a measured coupling efficiency of the back 
reflection of - 32 dB, which is in fair agreement with the calculation (-35 dB) 
(Marcuse, 1977). 
The use of angled fibre reflection in the telescope as the local oscillator has the 
advantage that the signal beam propagates in the same direction as that of the local 
oscillator within the system. 
2.3 Atmospheric lidar 
In the past, to obtain a better signal to noise ratio, a differential Doppler technique 
has been proposed as a configuration to measure wind speed (Bilbro et al., 1984). 
But this technique only allows the measurement of wind speed at one spatial 
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location. Recently, a modified reference beam technique that utilises a pulsed 
measurement beam has been demonstrated for wind measurements. 
In the following sections systems suitable for wind measurements, the atmosphere 
Doppler lidar, the edge technique Doppler lidar, and the pulsed Doppler lidar will be 
discussed. More recently, Dorrington et al. (2001) have proven that a low coherent 
long-range lidar system using reference beam storage is a valid concept for 
atmospheric Doppler velocimetry. This new design will be covered as well. 
2.3.1 Atmosphere Doppler lidar 
Figure 2.12 depicts a typical optical arrangement for atmosphere Doppler lidar. The 
laser light is passed through a beam splitter and is divided into two beams. One beam 
acts as a measurement beam propagating into the atmosphere. The back-scattered 
light is collected by a telescope and is then optically mixed with the reference beam 
at a bean1 combiner. A focusing lens is used to concentrate the signal onto the 
detector. The back-scattered light level from each object or particle is proportional to 
its cross-sectional area, the incident light level and the scattering efficiency, which 





Figure 2. 12 - Optical arrangement for atmosphere Doppler lidar. 
For applications near the earth ' s surface, where aerosols are abundant, aerosol 
scattering returns a larger signal at the longer wavelength. McGill and Spinhirne 
(1998) have proven that signals obtained from aerosol scattering have a considerably 
narrower spectral width than those from molecular scattering, which is susceptible to 
thermal broadening. In the upper atmosphere however, there are few aerosols, and 
molecular scatter based systems are often more appropriate. 
Chapter 2 - Introduction to velocimetry lidar 33 
For a small scattering volume length the instantaneous Doppler shift is 
approximately proportional to the velocity value. The measurement error variances 
of the profiles of wind velocities depend on atmospheric turbulence and Doppler 
shift, which is described by Shelekhov (2000). Typical system parameters for a 
compact CO2 pulsed Doppler lidar are a range of 3 km to 4 km ( dependent upon 
atmospheric conditions) and velocity accuracy in the order of 0.50 mis with 112 m 
range gates (Pearson and Collier, 1999). 
2.3.2 Edge technique Doppler lidar 
The edge technique Doppler lidar has been demonstrated by Henderson et al. (1993) 
who have used a pulsed 2 µm CO2 laser system for wind measurements. Harris and 
Kavaya ( 1999) have employed a bi-static 1.55 µm continuous wave laser system. 
Korb et al. ( 1997) developed a Doppler lidar system using the edge technique to 
make atmospheric measurements as illustrated in Figure 2.13. The wind 
measurements are made by locating the laser frequency on the steep edge of a high 
spectral resolution optical filter. Small frequency shifts cause large changes in the 
measured signal because of the steep slope of the edge. 
The laser signal is transmitted coaxially with the telescope and directed to a flat 
mirror. This mirror is mounted in a two-axis gimbals' mount to allow directional 
pointing of lidar. 
The scattered light from the atmosphere is collected by the telescope and directed 
through the edge-detector. The central fringe of a Fabry-Perot etalon is used as a 
high-resolution edge filter to measure the shift of the aerosol backscattered light, 
which has the original sharp spectral distribution of the laser. Various other filters 
with sharp spectral edges could be used. These include gratings, prisms, Michelson 
or Mach-Zehnder interferometers, and molecular or atomic absorption lines. The 
Doppler shift is determined from a differential measurement of the frequency of the 
outgoing laser pulse and the frequency of the backscattered light from the 
atmosphere. 








Figure 2. 13 - Diagram of optics used in the edge technique /idar experiment: BS, beam splitter; MI 
and M2, mirrors; IF, bandpass interference filter. 
2.3.3 Pulsed Doppler lidar 
Generally, pulsed Doppler lidar is a reference beam configuration. Figure 2.14 
illustrates a typical arrangement that uses a pulsed measurement beam and a CW 
reference beam. This allows measurements at multiple ranges along the direction of 
propagation. 
The distance travelled by the laser pulse is a function of the time since departure, and 
therefore scattered light received by lidar at a specific time can be related to a 
particular distance. The scattered light returns continuously as long as the 
measurement pulse propagates through the scattering media. A second CW laser 
used as a local oscillator is required with which the collected light is mixed. 
The local oscillator laser must remain coherent with the transmitted pulse over very 
long path length differences. Practically, a single frequency laser must be used. A 
portion of the local oscillator laser light is used to injection-lock the pulsed laser. An 
acousto optic modulator (AOM) is often used to apply a frequency offset to the 
injection beam before it is directed into the pulsed laser. A telescope is used to 
collect the backscattered light. Optical mixing of the reference beam and the received 
light is performed at a beam combiner. 




Local osci llator lase r 
Detector 
Figure 2. 14 -A typical pulsed Doppler lidar optical arrangement. 
A method to obtain high repetition rate, stable, pulsed laser output is ' mode locking'. 
Coupling the modes of a laser and locking the phases to each other attain the pulsed 
laser action. When the phases of these components are locked, they behave like the 
Fourier components of a periodic function and therefore form a periodic pulse train 
(Saleh and Teich, 1990). The most direct method of obtaining this light is to use a 
multimode continuous wave laser and an internal modulation process to transmit 
light only during short time intervals (Post and Cupp, 1990). 
2.3.4 Reference beam storage loop 
The commercial viability of lidar systems is limited by the high cost and large size, 
mainly due to the injection locked laser systems currently used. In order to reduce the 
cost and size, the low coherence lidar concept (Dorrington et al. , 2001) has been 
introduced which requires only one pulsed laser as the source for the measurement 
and reference beam. Figure 2. 15 illustrates the technique. 
Atmosphere 
Fiber-optic Fiber-optic 
coupler I coupler 3 
1--- --- -t-1""""'.~ =1=--1 ----- ----
Figure 2. 15 - Optical arrangement of the reference beam storage. 
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Fibre-optic coupler 1 splits the light from the pulsed laser source, with the majority 
of its power as the measurement beam, and the remainder as the reference beam. The 
measurement beam is then directed into the atmosphere through a telescope as with 
any other type of lidar. This telescope also collects the scattered, Doppler shifted 
light and directs it to fibre-optic coupler 3. 
The reference beam output of coupler 1 is connected to the storage loop consisting of 
coupler 2 and a beam delay fibre (BDF). When entering coupler 2 for the first time, a 
portion of the light pulse is split off and becomes the stored reference beam in the 
loop, while the rest is passed to coupler 3. There is now a laser pulse inside the loop, 
and each time it passes coupler 2, a portion is split off and passed to coupler 3, while 
the rest remains stored in the loop. 
To avoid the stored pulse interfering with itself the storage loop round trip time is 
designed to be longer than the pulse width of the signal laser. A single input pulse 
then generates an output pulse train that exponentially decays in amplitude at a rate 
dependent on the input/output-coupling ratio of optical coupler 2. 
While the measurement beam propagates to the target and the scattered light returns 
to optical coupler 3 of the system, the reference beam propagates several times 
through the storage loop. As a result, the measurement and reference beams have 
travelled corresponding distances, much longer than the laser's coherence length, 
when they are mixed. The two beams remain coherent and generate a beat signal at 
the output of coupler 3. 
A single-pulse only allows the measurement of wind speed at one spatial location, 
but multiple pulses allow measurements at various locations. A large number of 
output pulses is desirable and would ensure a long measurement range, but to 
achieve this, a very small coupling ratio is necessary at fibre coupler two. 
2.4 Summary 
Various lidar systems are used to determine the velocity of particles in the 
atmosphere. All of these utilize the effect that light scattered or reflected by a moving 
target is Doppler shifted. The methods use a coherent laser, which is focused onto a 
particular target area that scatters or reflects the light and causes the frequency shift 
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of the original laser signal. A photo detection system then collects the reflected or 
backscattered light to determine the target's velocity. This process is called Laser 
Doppler velocimetry and can be set-up in the dual beam, two scattered beam or the 
reference beam modes. All methods can be implemented to determine the velocity 
components in more than one direction. 
A differential Doppler method is generally used to measure wind speed as it achieves 
a higher signal to noise ratio. Suitable systems for wind measurements include the 
atmosphere Doppler lidar, edge technique Doppler lidar, pulsed Doppler lidar, and 
more recently the low coherent lidar concept that uses reference beam storage. 
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Chapter 3 
Amplified reference beam storage 
A new lidar design philosophy in which the transmitted pulse is sampled and stored 
in a fibre optic ring resonator has previously been demonstrated. This system 
generates a reference beam which consists of a pulse train that has travelled a 
distance equivalent to the measurement beam's path, reducing the coherence 
requirements and allowing the use of cheaper, smaller, and lower coherence sources. 
However, this system is limited by the decay of the stored energy. 
To progress the concept of reference beam storage towards a low cost, widely 
useable technique, the system must counteract decaying pulse amplitudes by use of 
some means of amplification. Inclusion of an optical amplifier, such as an erbium-
doped fibre amplifier (EDF A), in the system is an obvious choice but reqmres 
transferring the existing concept from visible to infrared light, to the 
telecommunication wavelength range where optical components are readily 
available. 
A significant improvement may be observed if a gain element is introduced into the 
storage loop. This would allow the use of high coupling ratios, such as 50/50, 
because any loss including output coupling can be compensated for by the amplifier. 
Although optical amplifiers have been the aim of extensive research, particularly for 
telecommunication applications, this is the first reported use of an erbium-doped 
fibre amplifier within a storage loop to generate a coherent reference beam train, as 
far as the author is aware. 
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3.1 Goals of the experiment 
The aim of this project is to design a new storage loop, which generates reference 
beam pulses that remain coherent and useable over a large number of passes through 
a reference beam storage loop. To achieve this aim we need to address the following 
questions: 
• Can an infrared diode laser of 1550 nm replace a Helium-Neon laser of 
wavelength 632 nm? 
• Can the infrared laser be pulse modulated by an acousto-optic modulator at 
about 200 MHz? 
• Can all optical components be fibre pigtailed? 
• Can an erbium-doped fibre amplifier be included into a fibre optics based 
storage loop?Will the erbium-doped fibre amplifier compensate the total 
losses? 
• Will the reference pulses remain sufficiently coherent over a large number of 
passes through the erbium-doped fibre amplifier? 
3.2 Fibre amplifiers 
"Optical amplifiers based on rare-earth-doped fibres have been widely recognised as 
key devices for achieving high-performance, high capacity and long-distance 
transmission in optical fibre networks" (Bononi and Rusch, 1998, Bononi et al., 
1999). The erbium-doped fibre amplifier is today the most recognised and frequently 
used optical amplifier. Its technology and exceptional consistency make it the perfect 
element for optical fibre communication systems in the 1550 nm window, and the 
trouble-free availability and size of the material make it much more economic than 
other amplification sources such as gas discharges. 
The erbium-doped fibre amplifier consists of a length of erbium-doped fibre, a 
wavelength division multiplexer (WDM), and a pump laser diode. The pump power 
and gain characteristics of the erbium-doped fibre amplifier depend on a number of 
device parameters such as erbium-ion concentration, amplifier length, core radius, 
and pump power (Agrawal, 1997). In our case, the pump power, amplifier length, 
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and core radius must be carefully selected to avoid the reference pulse train 
increasing exponentially in amplitude and to avoid free running laser oscillation. 
3.2.1 Energy levels and pumping scheme of erbium-doped fibre 
At room temperature the erbium-doped fibre amplifier is a three level system while it 
can become a four level system at liquid nitrogen temperature (Saleh and Teich, 
1991 ). At low temperature the ground state splits into distinct energy levels. Figure 
3.1 illustrates the three-level, Figure 3.2 the corresponding four level pumping 
scheme. 
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Figure 3. I- Three level pumping scheme of Er3+:silica (Yariv, 1997). 
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Figure 3. 2 - Four-level pumping scheme where N, is the number of atoms in the energy level E, 
(Saleh and Teich, 1991 ). 
The population of energy levels I and 2 in thermodynamic equilibrium follows the 
Boltzmann distribution as 
3-1 
where N is the population density, E the energy, g is the degeneracy of the given 
energy level, T the temperature, and k8 the Boltzmann constant. At finite temperature 
and if the degeneracies are the same, N2<N 1 if E2>E 1• In order to obtain amplifier 
gain or lasing conditions a population inversion must be generated, N2>N 1. 
Luo and Chu ( 1997) described the three-level pumping of erbium-doped fibre lasers. 
The erbium-doped silica is pumped from its ground state, energy level 1 (0 in the 
four level case). to an excited state 3 by 980 nm pump radiation or to the top of the 
energy level group 2 by radiation of about 1490 nm. From level 3 the electrons 
rapidly decay to the long-lived level group 2 by non-radiative processes. They 
accumulate in level 2, and a population inversion is generated between levels 2 and I. 
The spontaneous lifetime of the level 2 group is around IO ms. The lifetime can be 
changed by co-doping with other rare earth ions or by carefully choosing the doping 
concentrations. 
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Stimulated emission can take the electrons accumulated in the upper laser level (2) to 
the lower laser level ( 1 ). After this process another rapid, non-radiative decay occurs 
to the ground state 0. 
Stimulated emission takes place around the 1550 nm wavelength. Other very similar, 
efficient four level laser systems are known, like for example Nd3+:YAG However 
these materials operate only on one wavelength. Because of the rather broad energy 
level group 2 in Er3+ :silica the emission spectrum is very broad. When using erbium-
doped fibre as an amplifier, spontaneous emission within this bandwidth is amplified 
along the gain medium (Barnes et al., 1989). Amplified spontaneous emission will 
have a rather wide spectrum. 
3.2.2 Pumping configurations and characteristics 
An erbium-doped fibre amplifier can be pumped in either forward or backward or 
both directions simultaneously by using semiconductor lasers located at the fibre 
ends (Young, 1994). Figure 3.3 illustrates four pumping configurations: (a) forward 
or co-propagation, (b) backward or counter propagation, ( c) bi-directional and ( d) 
reflection pumping. The red, purple, and dark purple arrows indicate the direction of 
propagation of the pump, signal, and amplified signal light, respectively. 
In each of the configurations the pump laser is coupled into the erbium-doped fibre 
by a wavelength division multiplexer. The wavelength division multiplexer is a bi-
directional device, in which the pump signal can pass from port 1 to 3 and vice versa, 
the input signal from 2 to 3 and vice versa, no signal can pass from port l to port 2. 
Typical insertion losses are in the order of 1.0 dB. 
In the forward pumping configuration the signal and pump laser light are propagating 
in the same direction, whereas in the backward pumping scheme the signal and pump 
are in opposite directions. Bi-directional pumping uses two lasers and wavelength 
division multiplexers at either end of the fibre. In the reflection-pumping scheme, the 
signal enters through a circulator. The erbium-doped fibre is forward pumped. The 
signal and pump light are reflected after the fibre by a mirror, which effectively 
results in additional backward pumping and additional signal amplification. The 
signal is then extracted from the amplifier by the circulator. 
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In (a), (b), and (c) pumping configurations isolators are used to block back reflection 
from the fibre ends and prevent pump laser light or amplified spontaneous emission 
going back to the signal source. 
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Figure 3. 3 - Pumping configurations (Of : optical isolator) (a) f orward or co-propagation; (b) 
backward or counter propagation;(c) bi-directional and (d) reflection pumping. 
Forward pumping is used for medium gain and low noise (preamplifier) applications; 
backward pumping is suitable for high gain and power amplifiers but has medium 
noise levels (Young, 1994 ). Bi directional pumping has moderately high gain and 
good noise level and is generally used for auxiliary amplifiers. The reflection 
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configuration is also used in auxiliary amplifiers but is not economic because of the 
expensive circulator. Bi-directional and reflection configurations are suitable for 
both, pre and power amplifiers. 
3.2.3 EDFA gain characteristics 
The energy diagram illustrated in Figure 3. l and 3.2 leads to an absorption spectrum 
of erbium-doped fibre as illustrated in Figure 3.5. The diagram shows the absorption 
coefficient in dB/m of a typical fibre between 1450 and l 650 nm and the gain 
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Figure 3. 4 - EDFA absorption and gain spectrum for 980 nm pump laser (FS-ER- 7A28, Thor/abs, 
New Jersey, USA). 
It can be seen that for wavelengths shorter than 153 7 nm the fibre has a larger loss 
than gain; for wavelengths longer than 153 7 nm, the situation is reversed, and hence 
signal amplification can occur. 
The erbium-doped fibre is often pumped with a laser of about 1480 nm wavelength. 
However, more efficient pumping is possible using a laser operating near 980 nm 
where there is another strong absorption peak, not illustrated in figure 3.4. 
The total gain of an EDF A is obtained by integrating over the length of the fibre . 
3.2.4 Erbium-doped fibre amplifier noise characteristics' 
Amplifier noise depends on both the amplifier length and the pump power, just as the 
amplifier gain does . Generally, it is difficult to achieve high gain, low noise and high 
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pumpmg efficiency simultaneously (Giles et al., 1991a). Amplified spontaneous 
em1ss1on travelling backward toward the pump and interfering with the signal 
imposes the main limitation. Noise is emanating from the combination of the signal 
and pumping power, known as beat signal noise. The problem of amplifier noise can 
be alleviated by inclusion of an optical isolator. 
Low noise levels of erbium-doped fibre amplifiers make them an ideal choice for 
telecommunication system applications. In spite of low noise, the performance of 
long-haul fibre-optic communication systems employing multiple erbium-doped 
fibre amplifiers is often limited by the amplifier noise (Giles and DiGiovanni, 1990). 
3.3 Fibre ring resonators 
The reference beam storage loop is in concept very similar to a fibre ring resonator. 
Including an amplifier in the loop then makes the optical set-up similar to a fibre ring 
laser. 
An optical fibre ring resonator, the optical counterpart of an electronic resonant 
circuit, can confine and store light at certain frequencies. A laser ring resonator is an 
optical resonator containing a medium that amplifies light. The ring resonator 
determines the frequency and spatial distribution of the laser beam. Chapter 5 will 
discuss the design philosophy of the amplified reference beam storage loop. Related, 
very similar set-ups from the literature will now be reviewed. 
Figure 3.5 illustrates four typical optical resonators (a) planar-mirror resonator; (b) 
spherical-mirror resonator; (c) ring resonator and (d) optical-fibre resonator. These 
are different configurations for different purposes. 
Obviously, the non-fibre resonators are not suitable for the amplified reference beam 
storage system. Only the optical-fibre resonators allow the erbium-doped fibre 
amplifier to be easily inserted into the amplified reference beam storage system. That 
is a length of erbium-doped fibre, a wavelength division multiplexer, and a pump 
laser. Various arrangements with optical fibre ring resonators have been reported that 
either generate or use pulsed light. 





Figure 3. 5 - Four typical optical resonators (a) planar-mirror resonator; (b) spherical-mirror 
resonator; (c) ring resonator and (d) optical-fibre resonator. 
3.3.1 Examples of pulse generation 
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A very simple set-up to generate laser pulses from a fibre loop has been reported. 
This set-up consists of a length of erbium-doped fibre, a wavelength division 
multiplexer coupler and a saturable absorber as presented in Figure 3.6 (Luo and 
Chu, 1999). The wavelength division multiplexer permits a high transmission of 
pumping power into the fibre ring resonator. The erbium-doped fibre laser has a high 
gain coefficient but has an unstable steady state region when combined with a 
saturable absorber, a second erbium-doped fibre with moderate absorption. This 
second fibre is included for its properties of nanosecond optical Q-switching and fast 
response time. This simple set-up is self-pulsing, capable of generating powerful, 










Figure 3. 6 - Schematic diagram of thefihre ring resonator. 
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Another common method to generate pulses is mode locking. Nakazawa et al. (1994) 
and Gupta and Novak (1997) have developed the harmonic modelocked fibre ring 
laser. Ahmed and Onodera (1996) have used the mode-locked ring laser to generate a 
high repetition rate optical pulse. Yoshida and Nakazawa (1996) have demonstrated 
repetition rates at 80 GHz to 200 GHz. A common problem in mode-locked fibre 
lasers is uneven pulse amplitude; generally the pulse height decays after some time. 
Doerr et al. (1994), Jeon et al. (1998) as well as Lee et al. (1999) have presented a 
semiconductor laser amplifier in a loop-mirror arrangement to solve the uneven pulse 
amplitude problem. 
Amplitude equalisation of high repetition rate pulses generated in a rational harmonic 
mode-locked fibre ring laser was demonstrated by Li et al. (2001). The set-up is 
shown in Figure 3.7. In rational harmonic mode locking, the driving radio frequency 
does not match the cavity resonant frequency , resulting in severely uneven pulse 
amplitudes. The technique is based on non-linear polarisation rotation, where the 
rotation angle is proportional to the pulse peak power and the length of the fibre. 
The gain of the fibre ring laser is provided by an erbium-doped fibre amplifier, which 
is pumped by a 980 nm laser diode. The pulse amplitude equalisation arrangement 
includes a polariser, three polarisation controllers and a section of dispersion-shifted 
fibre . The combination of these components and the control of the polarisation states 
of the polarisation controllers allow the generation of uniform amplitude optical 
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Figure 3. 7 - Schematic diagram of harmonic mode-locked fibre ring resonator. 
The resonator for an erbium-doped, passively mode locked laser presented by Huve 
et al. (1999) is shown in Figure 3.8. The resonator consists of a length of erbium-
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doped fibre, a wavelength division multiplexer, two polarisation controllers, a 
polariser, a length of standard single-mode fibre and an isolator. This method does 
not produce a single pulse per round trip; rather, most pulses are organized in 
bunches. Whatever the structure, it repeats at the cavity round trip frequency. 
Depending on the adjustment of the polarisation controllers the width, total number 
and the separation between pulses can be modified. 
pump 
signal 
Figure 3. 8 - Schematic diagram of mode-locked fibre ring laser. 
A different scheme to control the pulse amplitude is presented by Li and Chan 
( 1999). A 1.0 m length of erbium-doped fibre is pumped by a 980 nm laser diode 
through a wavelength division multiplexer (Figure 3.9). A 1550 nm distributed 
feedback laser diode is used as a modulator. The gain of the cavity is highest at the 
distributed feedback laser frequency. Adjusting the roundtrip frequency to the 
driving frequency will make the fibre ring laser actively mode locked. This generates 
highly stable pulse trains at gigabit repetition rates, which are wavelength tuneable 
though the de bias of the distributed feedback laser. 













Figure 3. 9 - Configuration of mode-locked fibre ring resonator. 
3.3.2 Examples of gain control 
In the previous section we have reviewed free running lasers and methods to control 
their pulse amplitudes. However, in our application free running laser oscillation 
must be avoided. Only the stored signal should be amplified. Several methods of gain 
control have been reported in the literature. 
One technique of obtaining erbium-doped fibre amplifiers with constant gain is using 
optical feedback (Zimgibl, 1991; Okamura, 1992; Massicott et al. , 1994 and 1996; 
Cai et al. , 1997). Optical feedback causes laser oscillation and will then clamp the 
signal gain at the threshold value. The optical feedback degrades noise figures 
because the population inversion is clamped at a low level. A problem is that the 
amplifier cannot be used for signals close to the lasing wavelength, because it is then 
very difficult to separate these two frequencies . Cai et al. , (1997) have demonstrated 
an amplifier configuration that employed a counter-propagating ring resonator to 
overcome this problem, but the noise degradation still exists. 
A conventional configuration of a gain-clamped erbium-doped fibre amplifier is 
shown in Figure 3.10. The input signal is passed to the erbium-doped fibre amplifier 
through a wavelength division multiplexer, and the amplified signal is output from a 
separate wavelength division multiplexer. Light is fed-back from a pumped erbium-
doped fibre with a ring configuration. With the proper attenuation within the ring, 
oscillation will occur at the feedback wavelength, and the erbium-doped fibre 
amplifier gain is clamped at the threshold value. The signal gain is constant 
irrespective of the signal input power. 
input 







Figure 3. JO - Conventional configuration of gain-clamped fibre amplifier. 
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A novel configuration presented by Kyo (1999a) uses a laser cavity formed by a fibre 
grating and a loop-mirror that contains an erbium-doped fibre amplifier in the loop 
(Figure 3.11 ). Two ports of a 3-dB coupler, (c) and (d), are connected to a fibre 
loop-mirror. Another port of the 3-dB coupler (b) is connected to a fibre grating 
through a wavelength division multiplexer and an attenuator. Pump light is input into 
the loop-mirror through the wavelength division multiplexer and activates the 
erbium-doped fibre in the loop. Port (a) of the 3-dB coupler 1s connected to a 
circulator, through which the signal enters and exits the loop-mirror. 
Because the gain of the pumped erbium-doped fibre is clamped due to the laser 
oscillation, the signal gain is kept constant irrespective of the input signal power. The 
signal does not enter the laser cavity and thus does not disturb the cavity resonance 
even when its wavelength is close to or identical to the cavity resonance. A signal 
close to (but not exactly the same as) the cavity resonance wavelength can be 
amplified in the same way as signals far from the resonance. Therefore, wavelength-
insensitive amplification is possible over a large wavelength range within the gain 
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Figure 3. I I - Configuration of gain-clamped fibre amplifier with a loop-mirrol'. 
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A ring resonator containing a pumped erbium-doped fibre and two circulators 1s 
presented in Figure 3.12 (Kyo, 1999b). A short length of erbium-doped fibre 1s 
attached in front of a gain-clamped erbium-doped fibre amplifier with a counter 
propagating ring resonator. The advantage of using a short length of pre-
amplification fibre is that the noise figure is not degraded, and the gain is kept 
constant due to the gain clamped erbium-doped fibre amplifier in the main loop. The 
noise from amplified spontaneous emission is minimal because the preamplifier only 
generates a little noise, which is then further reduced by the filter in the loop. A 
drawback of this configuration is that it cannot be applied to a 980 nm pumping 
scheme because currently optical circulators do not operate on both the 1550 nm and 
980 nm wavelengths. 
EDF EDF 




Figure 3. 12 - Configuration of gain-clamped EDFA with a counter propagating ring resonator. 
Another approach to gain control is using several erbium-doped amplifiers in a 
cascade arrangement as shown in Figure 3.13 (Karasek et al., 2000). The suppression 
of output power and signal to noise fluctuations is achieved by clamping the gain of 
the first amplifier using a ring laser configuration and propagating the signal through 
the cascade of erbium-doped fibre amplifiers. Each amplifier has a gain equalisation 
filter that perfectly equalises the gain for all signal amplitudes and wavelengths. 
However, this arrangement requires higher pumping power to maintain the gain of 
each amplifier, even when the erbium-doped fibre amplifiers are saturated by the 
propagating signal power. 
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EDFA EDFA EDFA 
Figure 3. I 3 - Schematic diagram of an EDFA cascade: OBF. optical bandpass filter; Of, optical 
isolator, VA, variable attenuator: IC and OC, input coupler and output coupler. 
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Today the erbium-doped fibre amplifiers are widely used in optical systems as power 
boosters, repeaters, and preamplifiers. Most differences in optical arrangements arise 
with different pumping directions (Kakinume et al., 1990), multistage amplification 
(Masuda and Takada, 1990), optical circulators (Nishi et al., 1990; Giles et al., 
1991 a, 1991 b) and so on. Less conventional devices include optical amplifiers with 
all-optical means of gain regulation (Zirngibl. 1991 ). 
pump 
WDM BPF 1 
BPF 2 
Figure 3. I./ - Schematic diagram of optically controlled fibre ring laser. 
Fatehi and Giles (1996) have presented the modified optically controlled fibre ring 
laser shown in Figure 3.14. This design comprises of an erbium-doped fibre 
amplifier with optical feedback, creating an optically controlled ring laser whose 
frequency is defined by a bandpass filter. The signal enters the ring laser through the 
left coupler and regulates the saturation of the amplifier gain. The bandpass filters 
can be positioned either in the BPFl, to reject the signal, or in the BPF2 location, to 
pass the signal. Uses for this system include fault location, optical digital logic 
circuits and non-linear optical circuitry. 
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No technique is available which provides a long pulse delay time. However, an 
optical delay line can solve this problem (Jackson et al., 1985; Taylor, 1990). A 
Sagnac interferometer incorporating a fibre optic recirculating-ring delay line with an 
erbium-doped fibre amplifier has been researched by Kringlebotn et al. ( 1995) 
(Figure 3.15). The design is used to improve the low frequency response by 
increasing the effective length of the Sagnac loop. The number of recirculations was 
increased by incorporating an erbium-doped fibre amplifier in the ring to compensate 
for both the coupling and intrinsic losses in the ring. However, the noise penalty of 
using a fibre amplifier in the ring is high, especially at low frequencies, so the 










Figure 3. I 5 - Schematic diagram of recirculating delay ring laser. 
3.3.3 Cavity ring-down spectroscopy 
LD 
A field of research that uses very similar optical arrangements to the reference beam 
storage loop discussed in Section 2.3 .4 and also investigates the decay of pulse trains 
is cavity ring-down spectroscopy. 
This method involves exciting a cavity and monitoring the decay time of the 
excitation. For a temporally narrow, pulsed excitation, this is achieved by observing 
the decaying pulse train using a fraction of the signal weakly coupled out of the 
cavity. The decay envelope of the pulses will depend on the total cavity loss, which 
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is caused by the optical components of the cavity as well as any absorbing test 
samples, like for example a gas cell inside the cavity. 
Recently fibre systems have been used in cavity ring down spectroscopy. Brown et 
al. (2002) have demonstrated (Figure 3 .16) that by measuring the ring-down times 
one can accurately determine the absolute transmission of an optical fibre and the 
losses of other components of the ring cavity. Pulsed, visible and near-infrared laser 
light is coupled into an optical fibre, which is wound into a loop using a fibre splice 
connector. The light pulses travelling through the fibre-loop are detected using a 
photo multiplier. The authors found that once the light is coupled into the fibre it 
experiences very little loss, and the light pulses do a large number of round trips 




Figure 3. 16 - Schematic diagram of fibre-loop ring-down spectroscopy set-up. 
Measurement of the loss-per-pass and the ring-down time allows for characterization 
of the different loss mechanisms of the light pulses in the fibre and splice connector. 
This method resembles "cavity ring-down absorption spectroscopy" and is well 
suited to characterize low-loss processes in fibre optic transmission equipment 
independent from power fluctuations of the light source. 
Unlike with free space cavities, mode-matching optics is not required in the fibre 
loop system in order to excite only longitudinal modes. To attain a very high finesse, 
coupling into and out of the cavity must be extremely weak. 
The optical arrangement for pulsed Doppler lidar in the current experiment, 
discussed in Section 2.3, is very similar. This storage loop is designed to have a 
round trip time slightly longer than the pulse length. An output pulse train generated 
by a single input pulse shows an exponential decay at a rate dependent on the cavity 
losses, which can be mainly attributed to the 50:50 fibre coupler. 
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Stewart et al. (200 I) have presented a fibre optic system for cavity ring-down 
spectroscopy, which contains a length of erbium-doped fibre pumped at 980 nm 
(Figure 3.17). The gain can be adjusted below or above threshold. The fibre loop is 
constructed from standard fibre optic components and includes a micro-optical gas 
cell. The set-up is intended for measurement of trace gases, which possess near-IR 
absorption lines within the gain bandwidth profile of the erbium fibre amplifier. 
Ring-down times of several microseconds can be obtained, which can be altered 
through adjustment of the attenuation or gain factor of the loop. It is not necessary to 
have very high quality output couplers to obtain long ring down times. 
WDM Output Input WDM 
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Figure 3. 17 - Schematic diagram of the fibre optical system for ring-down and laser intra-cavity 
loss measurements. 
The new storage loop design that will be presented in Chapter 5 is similar to Figure 





The back-scattered Doppler signal is very weak and for a pulsed system is only 
present during very short Doppler bursts. In addition to powerful light collection 
optics, sensitive signal processing methods are required to enhance the signal. The 
following chapter presents an overview of the signal processing methods used to 
enhance the experimental data of this work. This chapter covers phase-locked loop 
demodulation and the discrete wavelet transform both used to reduce the noise of the 
output burst signal. Finally, the last section will briefly mention the Fourier 
transform which is used to convert the signal from the time to the frequency domain. 
4.1 Phase-locked loop demodulation 
Generally optically measured signals scattered back from a target are very weak and 
unstable, making it difficult to determine the signal among the noise. A large amount 
of noise will be generated by additional scattering of the Doppler signal along the 
detection path through the atmosphere and will interfere with velocity calculations. 
This is the optical equivalent to multipath interference encountered in conventional 
radio communications. Clark and Moir ( 1997) have shown that the signal to noise 
ratio of modulation techniques such as amplitude, frequency or phase modulation can 
be improved, but there are still some noise problems. 
Doppler velocimetry (LOY) to measure vibrations of a target has been a well-
established technique during the past thirty years. Only recently the noise problems 
encountered in this method have been improved by the use of phase lock techniques 
(Kim and Ha, 1999), which are now very common tools in digital communications. 
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4.1.1 Introduction 
Using modulation techniques a signal can be shifted from its baseband to very high 
frequencies, which are not affected by the low frequency noise ( 1 If noise) shown in 
Figure 4.1. Using the appropriate demodulation method the signal can be recovered 
without having picked up much noise. 
Low-pass filter 




Figure ./. I - Signals with and without modulations. 
Without modulation we need a low pass filter to deal with the noise. We might use a 
filter with frequency selectivity, Q, of around 100 for a signal at 400 Hz. However, 
by adopting a modulation technique the Q variable becomes significantly greater, of 
the order of 3 x 105 for 120 MHz carrier frequencies. 
In telecommunication systems phase and frequency modulation have become very 
significant, but there are still various noise problems that are very hard to combat. 
Clark and Moir ( 1997) have proven that a phase-locked loop demodulator can 
overcome many of the noise problems. The phase-locked loop demodulator has been 
incorporated into the system demodulator to improve very weak signals, to reduce 
strong noise and to increase the Q values. The phase-locked loop can be applied in 
modulators, demodulators, frequency synthesiser, multiplexers and various signal 
processors. 
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4.1.2 Amplitude and phase modulation 
Suppose we have a continuous wave signal, V(t), where, a(t) is the amplitude of the 
signal and 8(1) the phase angle: 
V ( t) = a ( t) cos( B ( t)) 4-1 
In a phase modulation system we consider a(t) as a constant, but O(t) will vary with 
the signal, f (1), 
B(t) = wJ + k Pf(t )+ B0 4-2 
where We is the carrier frequency, kp is the phase modulation constant, and Bo is the 
initial angle. If the signal V(t) is changed by the modulated frequency, we have the 
frequency modulation formula 
I 
B(t )= wJ + k1 ff(r )dr + B0 4-3 
0 
where k1 is the frequency modulation constant. If j(t) is a square or sine wave as 
illustrated in Figure 4.2, then V(t)p\f and V(t)r\f are the corresponding phase 
modulation and frequency modulation signals. 
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Figure./. 2 - Examples jhr phase and.frequency modulation. 
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4.1.2.1 Phase-locked amplifier 
The phase-locked amplifier consists of a phase sensitive detector and a narrow band-
pass filter shown in Figure 4.3. The phase sensitive detector includes a mixer and a 
low pass filter. This is the heart of the phase-locked loop demodulator. The phase 
sensitive detector can identify the phase difference between the input signal and the 
reference signal. 
Ampl 
Input signal Band-pass 
~ filter 
Reference 
_s_~_aI __ I Trigger ~-• ~7~~ 
Phase sensitive 
detector 
: Mix~r- --------; Am~p 2 
Low-pass 1 
filter 
Figure 4. 3 - Block diagram of the phase-locked amplifier. 
If (f)s is the signal phase, a5 the signal amplitude, and <fJr and ar the reference phase 
and amplitude respectively, then the output of the phase sensitive detector, Vo is 
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Figure -l 4 - Output waveforms of phase sensitive detector. 
4-4 
Figure 4.4 shows the signal after the mixer (pink line) and the detector DC output 
(dashed line), which varies with the difference between <J)s and <pr. For a phase 
difference of 0° the DC level is positive, for 180° it is negative, and for 90° or 270° it 
is O V. This pattern repeats with multiples of 21t of the phase difference. 
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4.1.3 Phase-locked loop 
A phase-locked loop consists of a phase sensitive detector, a voltage-controlled 
oscillator, and a low-pass filter (Figure 4.5). 
If the angular frequency, w;, of the input signal, vi, is different from the frequency, 
w0 , of the voltage controlled oscillator, an error signal, v0 , is produced which is fed 
back to the voltage controlled oscillator until w; ~ w 0 • If Kd is the gain of the phase 
sensitive detector and Kc is the gain of the voltage-controlled oscillator, then the total 
loop gain is given as 
V· Phase sensitive -~ Low-pass I - -- detector ( K ct ) filter 
sin ((•>jl +8) f cosw0 t 
Voltage-control led 
oscillator (Kc) 








I{ I I{ ' 
Ix 
Figure 4. 6 - The circuit and.fi·equency response of low-pass filter for the phase-locked loop. 
Since the phase-locked loop uses a low pass filter, this affects the stability of the loop 
and lowers the frequency response shown in Figure 4.6. Within the phase-locked 
loop we have two important variables: 
4-6 
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;,..r __ I ~ K, 
~c - 2,r CR1 
4-7 
iJ.{H is called the holding range and iJ_fc the capture range (Best, 1984; Kim and Ha, 
1999). In the frequency locked status the input frequency, OJi. and the oscillator 
frequency, Wo, are approximately equal. From Equation 4.3 and the voltage 
controlled oscillator characteristics we know 
4-8 
4-9 
where We is the carrier frequency, j(f) is the modulating signal, w00 is the voltage 
controlled oscillator free-running frequency and k1 and k0 are constants. The phase 
lock loop output then is 
4-10 
Equation 4.10 illustrates that the output of the phase locked loop and the modulating 
signal have a linear relationship. The DC term disappears when We = w00 • In practice, 
a series capacitor is added to block the DC level at the phase lock loop output. 
4.1.4 Phase-locked loop demodulation 
In high-speed digital communications, like for example optical fibre communications, 
phase lock loop demodulation is frequently used. A common method to reduce noise 
is to combine a phase sensitive detector with a phase lock loop circuit. The signal is 
multiplied with the output of a precise oscillator, which converts the high frequencies 
into intermediate frequencies and the small frequency variation to a more convenient 
range. A phase lock loop is connected to this circuit. The phase locking in the low 
frequency range provides increased noise reduction (Shirahama et al., 1995). 
Figure 4. 7 is a block diagram of this arrangement. The input signal has a frequency 
.ft ± _[d, which consists of the carrier, .ft, and a small modulation frequency, /J. In our 
experiments this modulation would be the Doppler shift imposed on the signal. There 
Chapter 4 - Signal processing 63 
will be significant high frequency as well as low frequency noise, fHFno,se and /LFno,se, 
present in the signal. 
The second input to the circuit is the carrier frequency,./J. There are two mixers that 
are used in this system to merge the signals. Mixer 1 combines the input signal with 
the frequency, .k of a very stable and precise crystal oscillator. This signal is then 
directed into a band-pass filter with a centre frequency ./J+ /Land bandwidth 2/d, The 
output from the filter is mixed with the carrier signal, and then passed through a 
second band-pass filter centred at fL. The bandwidth of this filter is 2/d, This phase 
lock loop will remove the high frequency noise and only low frequency noise, 
.fu noise, will be present in the signal centred at the crystal oscillator frequency. The 
signal is then locked onto by the phase-locked loop and its V d output (Figure 4.5) is 
used for further processing. The synchronous detection further reduces the low 
frequency noise component. 
!, + f,L+ J,d + f,H L" + f,L F - - rno1se noise 
/1+/1 !fct+fLF · noise 








Figure ./. 7 - Block diagram of phase-locked loop. 
4.2 One-dimensional discrete wavelet transform 
In the previous section, we have used synchronous detection to reduce high 
frequency noise and a phase-locked loop demodulation to reduce low frequency 
noise. But as the noise is not totally eradicated, it is difficult to convert the signal 
from the time domain into the frequency domain, especially when the noise is getting 
higher. In addition to this hardware solution further signal processing can be applied 
on the computer. The one-dimensional discrete wavelet transform (Microsoft Corp., 
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Autosignal v I software, Appendix II, Code- I) can be used to reduce noise in the time 
domain at certain level. 
A wavelet analysis is applied to the signal that is coming from the phase lock loop to 
detect its self-similarity (Mallat, 1998). Then a discrete wavelet transform of the one-
dimensional signal is performed, and the result used to de-noise the signal. 
Using the Symlet Wavelet transform the signal is decomposed into wavelet 
coefficients. To extract these coefficients we can pass the original signal through a 
pair of complementary low-pass and high-pass filters. The low-pass filter yields 'the 
first level approximation signal' and the high-pass filter yields 'the first level 
approximation noise'. However, the new signals are over sampled; each 
approximation signal and approximation noise has the same number of data points as 
the original signal, so there are now twice as many data points in the analysis. This is 
more information than is required to represent the signal. 
To reduce the number of the data points, we can down sample the approximation 
signal and approximation noise after filtering, for example by discarding every 
second data point. We end up with the same number of data points as the original 
signal, and if we choose the right filters we can down sample without losing any 
information. This filtering and down sampling yields 'the first-level signal 
coefficients' and 'the first-level noise coefficients'. 
So far, the high-frequency noise of the original signal is primarily captured in the 
'first-level noise coefficients', while the 'first-level signal coefficients' capture the 
low-frequency information and contain much less noise. If needed, we can repeat 
the filtering and down sampling on the 'first-level signal coefficients' to yield the 
'second level signal coefficients' and 'the second level noise coefficients ', and so 
on until we yield signal and noise coefficients, which represent the signal to noise 
ratio we want. 
If we continue to filter and down sample each successive level coefficient, we 
increase the scale by a factor of 2 at each level of analysis. At level I we yield 
wavelet coefficients at a scale of 2 or a time window of 2; at level 2 we yield 
wavelet coefficients at a scale of 4 or a time window of 4, and so on. Thus, the 
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discrete wavelet coefficients are a function of the scale and position of the 
fundamental analysing wavelet. 
Therefore, wider time windows yield better large scale and low frequency 
information; narrower time windows yield better small scale and high frequency 
information. In other words, the low frequency information, slow variation, is used 
as coarse resolution, wider time window; the high frequency information, fast 
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Figure 4. 8 - (a) Wavelet decomposition tree (b) Signal waveform output by using wavelet 
decomposition fo r HF and LF of level I and level 2. 
Using this successive filtering process, the signal is broken down into many lower-
resolution components. The process is described by the wavelet decomposition tree 
as shown in Figure 4.8 (a), which can be plotted as a wavelet coefficient plot for 
each level. Figure 4.8 (b) shows the signals of level 1 and level 2 after 
decomposition. Looking at a plot of a signal ' s wavelet decomposition tree can 
yield valuable information about the nature of the signal itself. 
Next, the coefficients are modified using a wavelet shrinkage technique that 
removes all low-energy coefficients below a threshold . Then, using the inverse 
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discrete wavelet transform, a synthesized signal that is the de-noised version of the 
original signal, is reconstructed from the modified wavelet coefficients. 
To de-noise a signal, we remove small-valued coefficients so that the reconstructed 
signal has less noise. The process of down sampling may introduce distortion into 
the filtered signals. However, when the appropriate decomposition and 
reconstruction filters are used, the distortion of down sampling is cancelled out, 
and it is possible to reconstruct the original signal. 
4.3 Fourier transform 
The Fourier transformation is an algorithm that breaks a signal into constituent 
sinusoids of different frequencies. It is a mathematical technique for transforming 
our view of the signal from the time domain to the frequency domain. For a 
continuous function of one variable f(t), the Fourier transform F(f) is defined as: 
XJ 
F(f) = f f(t)e-,2n1; dt 4-12 
-'Xe 
where f is the frequency and t the time. A computational method to carry out this 
transformation is the Discrete Fourier Transform (OFT), which can be applied to a 
set of sampled data points. Consider a complex series fk of N samples 
lo ,t; !) f,, ... fk ... IN-I 
, ' -, - ' , ' ' 
4-13 
where fi is sampled at a certain point in time, ti. Further, assume that the series 
outside the range 0, N-1 is extended N-periodic, that is, fk = fk+iN for all k and i. The 
Fourier transformation, Fn, of this series also has N values: 
F(n)=-1 If(k)e'k2m,1N forn=O ... N 
N o 
4-14 
The signal should be sampled at a rate of least twice the Nyquist frequency. This is 
the highest frequency component that should exist in the input series for the OFT to 
yield "uncorrupted" results. More specifically if there are no frequencies above the 
Nyquist frequency the original signals can be exactly reconstructed from the 
samples. 
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In practice, however, signals are time limited, not band limited. As a result, 
determining an adequate sampling frequency, which does not lose desired 
information, could be difficult. When a signal is under sampled, the higher and lower 
order OFT spectra are overlapping, and it is no longer possible to recover f(t) from 
the sampled signal. The over sampled signal reaches zero very quickly. Much of its 
spectrum is zero and is not needed to reconstruct the original f(t). The lower and 
higher order spectra of a critically sampled signal reach zero at their ends. The data 
in the spectrum of the critically sampled signal is just sufficient to reconstruct the 
original. 
In the transformation process, the time information of the signal is Jost. However, the 
Doppler bursts we are dealing with are not stationary; they contain numerous non-
stationary or transitory characteristics. Along with the frequency of the burst, the 
points where they begin, end or change also provide meaningful information. 
There is always a trade-off between the precision of the time-based information and 
the precision of the frequency-based information. The frequency resolution is 
determined by the size of the time window, and must use the same fixed time 
window for all frequencies. 




A new lidar design philosophy (Dorrington et al., 2000) in which the transmitted 
pulse is sampled and stored in a fibre optic ring resonator has been discussed in 
section 2.3 .4. This approach uses a reference beam which consists of a pulse train 
that has travelled a distance equivalent to the measurement beam's path length, 
reducing the coherence requirements and allowing the use of cheaper, smaller and 
lower coherence sources. However, as demonstrated (Dorrington et al., 2000) this 
system is limited by the decay of the stored energy. We have further developed this 
concept to include an erbium-doped fibre amplifier inside the storage loop to 
compensate for losses, including output energy coupling. 
In this chapter we present the overall design of the new system and describe in detail 
all required components. Wherever possible, low power, fibre pigtailed components 
were chosen in an attempt to progress towards an economic product. 
5.1 Overall design 
The intensity of the pulse train output of the storage loop is improved by using five 
metres of erbium-doped fibre amplifier. Introducing gain into the loop is expected to 
compensate the losses of the rapidly decaying signal level and maintain the reference 
beam amplitude. As the feedback gain is set slightly below the lasing threshold, the 
storage loop is not oscillating, and successive reference pulses can be maintained. 
The reference beam storage mentioned in chapter 3 is very similar to a fibre ring 
laser, if an amplifying medium like erbium-doped fibre were included in the cavity. 
The overall design can be divided into four segments, namely: signal source, source 
to fibre couplers, storage loop, mixing and detection, as illustrated in Figure 5.1. 
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Figure 5. I - Block diagram of overall design. 
The components that constitute each of these sections and their purpose are now 
discussed in more detail. 
5.2 Signal source 
A laser diode was used as the signal source. Its beam was directed through a 
collimating lens into an acousto-optic modulator, which was modulated by a 
switched radio frequency signal. The up shifted output beam of the acousto-optic 
modulator was used as reference beam and the downshifted one as the measurement 
beam. 
5.2.1 1550 nm distributed feedback laser diode 
Erbium-doped fibre amplifiers have attracted most attention because they operate 
near 1550 nm, the wavelength region in which the fibre attenuation is minimum. A 
multiple quantum well distributed feedback laser diode (ML 976H 11 F, Thorlabs, 
New Jersey USA) was chosen as the signal source for the new optical system. This 
laser diode emits a light beam of 1550 nm with a maximum power of 6.0 mW in 
continuous wave mode. The threshold current is 15 mA and the operating current 
35 mA at 5.0 mW. 
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Figure 5. 2 - Photograph of regulated evaluation board (7. 5 cm x 9. 0 cm) for 1550 nm distributed 
feedback laser diode. 
Figure 5.2 shows a photograph of the evaluation board (LD2000, Thorlabs, New 
Jersey USA) used as the current source. The LD2000 can be operated with the 
1550 nm distributed feedback laser diode, which has a common laser anode and 
monitor photodiode cathode. Onboard trim potentiometers are provided for 
controlling the laser power and current limit. Both functions can also be controlled 
via an external voltage source at a rate of 40 mA/V. 
The laser is mounted in aXYpositioner (SPTl , Thorlabs, New Jersey USA) to ensure 
proper alignment with the following optical components. 
5.2.2 Acousto-optic modulator 
The acousto-optic modulator (0103045 , Aurora Photonics Inc, California USA) 
consists of a suitable crystal through which an ultrasonic wave of wavelength As 
propagates. Because it is a longitudinal or compression wave, it causes the index of 
refraction of the material to vary sinusoidally with the signal wavelength A.5 • 
This variation of refractive index represents a diffraction grating to the incident light. 
The analysis of the light / acoustic wave interaction is similar to that of Bragg 
diffraction from crystal planes. The incident light beam strikes the planes at an angle 
close to normal, and a fraction of the beam is diffracted. For a certain angle B only, 
the waves reflected from adjacent planes interfere constructively. Therefore, sinB = 
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Al2As For typical ultrasonic frequencies, B may be a few degrees. Under proper 
conditions, nearly all of the incident light may be diffracted, or deflected, into angle 
B. 
--- Diffracted light --- Downshifted --:-~ .. 
!~! Unshifted 
Incident light 
... ._., ---- Upshifted ---
200MHz 
Figure 5. 3 - Diffraction of light by the acoustic wave of an acousto-optic modulator. 
Figure 5.3 illustrates that the ultrasonic waves as the solid black lines emanating 
from the modulator. The intensity of the diffracted light is proportional to the 
intensity of the ultrasonic wave, which can be controlled by the amplitude of the 
electronic signal applied to the acoustic transducer (Saleh and Teich, 1991). As the 
acoustic wave inside the modulator is a travelling wave, the incident light is slightly 
up-shifted in frequency for the first order diffracted beam and downshifted for the 
corresponding negative diffraction order. 
In the new system, the downshifted beam is used as the measurement beam and the 
up-shifted one is used as the reference beam, which effectively acts as a local 
oscillator with a slightly different frequency. 
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Figure 5. 4 - Photograph of acousto-optic modulato1: 
The input beam should enter at the geometric centre of the crystal face shown in 
Figure 5.4. The polarization of the shifted beams is perpendicular to the input beam. 
The measured angle between un-shifted and shifted output beams is 3.25 °. 
Figure 5.5 illustrates the experimental set-up used for the new design. In order to 
obtain the fastest possible rise time, the laser beam diameter on the acousto-optic 
modulator was kept as small as possible. The collimating lens (C230TM-C, 
















Figure 5. 5 - Experiment set-up for acousto-optic modulator. 
At 2.0 W modulation signal the diffracted orders contained 21 % of the incident light 
each. When switching the RF signal on and off the best rise time was measured as 
30 ns ( 10 to 90 % level). An example of a measured output pulse from the acousto-
optic modulator is shown in Figure 5.6. 












Figure 5. 6 - A typical up-shifted pulse from the acousto-optic modulator. 
5.2.3 Modulator driver 
The modulator driver (ME-2002, IntraAction Corp., Illinois USA) is a solid-state 
device that contains a 200 MHz (0.0025% accuracy), radio frequency source and an 
amplifier. A separate input is available for amplitude modulation of the RF signal. To 
align and check the laser beams the modulator is operated without external control to 
deliver a continuous 200 MHz signal to the acousto-optic modulator. In the final set-
up a gating circuit is connected to the analogue input to rapidly switch the RF signal 
on and off and to generate the pulses of up shifted and down shifted radiation. 
The block diagram of the circuit is shown in Figure 5.7 (a) and the schematic 
diagram in Appendix IV. The circuit uses a 74HC132 series of Schmitt trigger high-
speed CMOS NANO gates to adjust the duty cycle of the pulse. Figure 5.7 (b) 
illustrates the measured waveform corresponding to the pulse circuit timing. The 
circuit has a time constant determined by the product of the resistor R and capacitor 
C that allows setting the pulse width between 10 ns and 100 ns. The output pulse 
width shown in Figure 5.7 (b) is 12 ns. Figure 5.8 shows a typical optical pulse from 
the acousto-optic modulator when the pulse circuit is operated at 500 kHz. 
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Figure 5. 7 - (a) Block diagram (b) timing for pulse circuit. 
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Figure 5. 8 - A typical optical pulse output of the acousto-optic modulator controlled by a pulse circuit 
at 500 kH=. 
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5.3 Source to fibre coupling 
The up-shifted beam from the acousto-optic modulator is directed onto a rotating 
mirror (simulating the moving target) and is then focussed by a lens (C220TM-C, 
Thorlabs, New Jersey USA) via a coupler (KTl 11, Thorlabs, New Jersey USA) into 
single mode fibre (Section 5 .4.1 ). The downshifted beam is similarly focussed into 
another piece of single mode fibre, however a fixed plane mirror is used. Care is 
taken that the reference and measurement beams have the same path length from the 
acousto-optic modulator output to the fibre. 
The zero order diffraction from the acoustic modulator is blocked by a beam stop. 
5.4 Storage loop 
The new fibre storage loop consists of a significantly larger number of components 
than in the previous designs referred to Dorrington. Most of these components are 
required to improve noise and stability of the amplification process. A schematic 
diagram of our experimental set-up is shown in Figure 5.9. An erbium-doped fibre 
amplifier provided the gain of the storage loop which was composed of a length of 
beam delay fibre, two polarisation controllers, four polarisation independent isolators, 
a wavelength division multiplexer, 5 m of erbium doped fibre, a tuneable filter, and a 
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Figure 5. 9 - The experimental configuration of amplified reference beam storage loop. 
Oll,0/2,0/3,0!./: optical isolators; BDF: beam delay fibre; Cl, PC2: polarisation controllers; OCJ. 
optical coupler; LDM: pump laser module: WDM: wavelength division multiplexer; EDFA: erbium-
doped fibre amplifier: TF: tuneable filter. 
The signal that is focussed into the storage loop by the source to fibre coupler first 
passes through an optical isolator 011. Optical isolators only allow light to pass in 
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the direction indicated by the arrow. Oil was used to block any reflections from the 
output ports of the optical coupler OC 1. In the amplified reference beam storage 
loop three optical isolators, 012, 013 and 014, were used to eliminate backward 
amplified spontaneous emission emitted by the erbium-doped fibre and any 
reflections from the connectors in the storage loop. 
When the pulsed laser signal passes through port 1 of OC 1, half is divided off and 
becomes the stored reference beam, while the other half becomes the first pulse at the 
output, port 3 of OC 1. The stored reference beam passes from port 4 of OC 1 through 
the BDF, PC 1, and 012 into the EDF A. The reference beam is then combined with 
the pump laser diode radiation by the WDM. The amplified signal propagates 
through 013, TF, PC2 and 014 to the second input port of the optical coupler, QC I. 
Half of it becomes the second output pulse at port 3 of OC 1 and the other half the 
next pulse in the storage loop. This way successive reference beam pulses are 
produced. 
The components of the storage loop will now be discussed in detail. 
5.4.1 Single mode optical fibre 
The single mode optical fibre (SMF-28-100, Coming, New Jersey USA) used in our 
set-up has a 900 µm jacket, 125 µm cladding, and 8.3 µm core diameter. The 
numerical aperture is 0.13. This small value in conjunction with the small core 
diameter make is very difficult to efficiently couple light into the fibres. About 20% 
of each shifted AOM output could be coupled into the fibre. To minimise coupling 
losses within the storage loop pigtailed components were used whenever possible. 
5.4.2 FC/PC connectors 
Major causes for additional losses were the insertion losses of the connectors. Each 
component was terminated with a FC/PC connector (3012601, Thorlabs, New Jersey 
USA). The working faces of optical connectors are highly polished and designed for 
precision alignment. Placing the connector in a metallic housing (polishing disk) and 
polishing the front face on film in a figure eight arrangement for some time will 
leave the surface well polished. Signal quality will be seriously compromised if 
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optical connector faces or the mating sleeve into which they are inserted are 
mishandled or become dirty. All connector faces were regularly checked with a fibre 
inspection microscope. 
Optical connectors that are used in the system must be of the same type. Use of other 
types of connectors will result in poor performance, and excessive back reflection 
could cause damage to the high power pump laser. Optical mating sleeves are used to 
ensure the precision alignment of connectors. 
5.4.3 Optical fiber couplers 
Two types of fibre couplers are used within the storage loop. The first one is a 3dB 
coupler (10202A-50-FC, Thorlabs, New Jersey USA), which has a measured split 
ratio of 50:50. The second one is a 90:10 coupler (C-NS-AL-10-H-1210-15-FC, 
Communication Accessories Ltd., Auckland, New Zealand), which can be inserted at 
any location to monitor the behaviour of the system with low insertion loss. 
5.4.4 Erbium-doped fibre 
The optical amplifier of the storage loop consists of erbium-doped fibre (FS-ER-
7 A28, Thorlabs, New Jersey USA), which is pumped via the wavelength division 
multiplexer by a 980 nm laser. 980 nm were chosen because this is the most efficient 
pump wavelength for amplifying a 1550 nm signal (Sola et al., 2002). Various 
lengths of erbium-doped fiber from 1-12 m were used to characterize the 
performance of the system. For the final set-up a length of 5 m was chosen. 
5.4.5 980 nm laser module 
The pump laser system (Figure 5.10) consists of a laser diode module (00651, ADC 
Telecommunications Inc., USA), which has modulation input, a photodiode to 
sample and monitor output, temperature sensor, and thermo-electric cooler. The 
module can deliver up to 100 mW at 980 nm from the pigtailed fibre optic cable. I ts 
output is very temperature sensitive, so that the temperature must be carefully 
controlled. The module has an imbedded thermistor and thermo-electric cooler, 
which were connected to a controller circuit (DN1220, Thermoptics Inc., USA). An 
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aluminum heat sink is used to dissipate the excess heat from the pump laser diode. 
The controller circuit was set at a fixed temperature of 24 °C. 
Figure 5. IO - Photograph of980 nm laser diode module with a subminiature thermoelectric cooler 
controller. 
Proportional gain and integrator time constant are set independently with resistors, 
and are optimised to minim.ize temperature overshoot and stability. In addition, the 
maximum cooling and heating current supplied to the thermo-electric cooler can be 
adjusted from 0.0 to 2.0 A with two resistors. 
5.4.6 Wavelength division multiplexer 
A wavelength division multiplexer allows the combination or separation of optical 
signals at different wavelengths. In our system, the pump laser and the incoming 
signal are combined into the erbium-doped fibre amplifier for signal amplification. 
Our WDM (FWDMCOI2111414, E-TEK, California USA) uses interference filter 
technology to separate or combine the light. Its wide operating wavelength range 
makes it ideal for 980 nm pumped optical fibre amplifiers. It has a low insertion loss 
of 0.6 dB and low polarisation dependent loss of 0.05 dB. 
5.4. 7 Optical isolators 
The optical isolator (4015SAFC, Thorlabs, New Jersey USA), which provides more 
than 40 dB optical isolation, was used to block signals that propagate in reverse 
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direction. For instance, the input optical isolator allows the input signal through and 
eliminates backward propagation of amplified spontaneous emission (Figure 5 .11 ). 
The output optical isolator is used to eliminate reflections from devices like 
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Figure 5. I I - Optical isolators used in a backward pumping system. 
5.4.8 Tunable filter 
The filter (TF-11-11-1520/1570-9/125-S-40-3S3S-l-1, OZ Optics ltd., Ontario 
Canada) is tuned to the wavelength of the signal at 1550 nm, to block unwanted 
wavelengths in the gain profile of the EDF A. It has a pass band of 50 nm with a loss 
of 60%, but reduces the amplified spontaneous emission propagating through the 
loop to that at the signal wavelength only. It was found to be effective in improving 
the signal to noise ratio (Yokota et al., 2002). 
5.4.9 Polarisation controllers 
The amplitude of the reference pulse train exiting the storage loop is uneven and has 
a periodic envelope. Ahmed and Onodera ( 1996) have given a simple explanation of 
this phenomenon and attribute it to the mismatch between the radio frequency from 
the modulator driver and the resonance of the amplifier itself. 
We have used a similar approach to that of Li et al. (2001 ), which has been reviewed 
in section 3.3.1. We have included two polarization controllers (FPC560, Thorlabs, 
New Jersey USA) in the storage loop to improve the uneven amplitude of the 
reference beam pulses and increase the signal to noise ratio. 
Figure 5.12 illustrates the working principle of the polarisation controller. We assume 
that the electric field vector of the input signal is linearly polarised in the x- direction 
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when entering the PC. After the polarisation controller, the field vector is rotated 









Figure 5. 12 - The working principle of the polarisation controller. 
y 
f x 
In the polarisation controller a number of coils of optical fibre is wound onto each of 
the three paddles. It utilizes stress-induced birefringence to create three independent 
fractional "wave plates" to alter the polarisation of the transmitted light on a single 
fibre. The fibre is looped into three independent spools, creating three independent 
fractional fibre retarders. The amount of birefringence induced in the fibre is a 
function of the fibre cladding diameter, the spool diameter (fixed), the number of 
fibre loops per spool, and the wavelength of the light. The desired birefringence is 
induced by the loop in the fibre, not by twisting of the fibre paddles. The fast axis of 
the fibre, which is in the plane of the spool, is adjusted with respect to the transmitted 
polarisation vector by manually rotating the paddles. 
Generally, the polarisation controller converts one state of polarisation into another 
one by loading the three paddles with a prescribed number of fibre loops to represent 
a nominal "quarter wave retarder", a "half wave retarder" and a "quarter wave 
retarder". The first "quarter wave retarder" transforms the input polarisation state 
into a linear polarisation state. The "half wave retarder" rotates the linear polarisation 
state. The last "quarter wave retarder" transforms the linear state into an arbitrary 
polarisation state. Twisting the paddles with respect to each other rotates the 
effective plane of polarization. Therefore, adjusting each of the three paddles (fibre 
retarders) allows complete control of the output polarisation state. 
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Figure 5. 13 - Plot of retardation per paddle versus wavelength. At 1550 nm for the paddle of 
"quarter wave retarder" in blue the retardation is 0.5 radians, 1.4 radians for the paddle of "half 
wave retarder" in purple and 2. 7 radians for the paddle of "quarter wave retarder" in yellow. (Doc. # 
1167-DOl, Thor/abs, New Jersey USA, 1998) 
Figure 5.13 shows the plot of retardation per paddle versus wavelength for our PC. 
At 1550 nm for the paddle of "quarter wave retarder" in blue the retardation is 
0.5 radians, 1.4 radians for the paddle of "half wave retarder" in purple and 
2.7 radians for the paddle of"quarter wave retarder" in yellow. 
5.5 Optical mixing and detection 
In section 5 .2.2, we discussed that 1550 nm laser light with the frequency Jo was 
incident through an acousto-optic modulator driven by a frequency fm- This generates 
two beams: the up-shifted beam is used as a reference, Er, and the downshifted as a 
measurement beam, Em. The two beams are given as, 
E, = A,cos[2n(fri + J,,, )t] 
£ 111 = Amcos[2n(J;i - fm )t + 2n f J;,dt] 
5-1 
5-2 
where Ar is the amplitude of reference beam, Am the amplitude of measurement beam 
fm the modulation frequency, and /d the Doppler-shifted frequency. After the storage 
loop, the reference beam is combined with the measurement signal by a 2x2, 3 dB 
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fibre coupler (10202A-50-FC, Thorlabs, New Jersey USA). Each reference pulse 
has travelled a distance equal to that of the measurement beam. 
The mixing on the detector produces a burst signal. The intensity on the 
photodetector is given as, 
5.5.1 Photodetectors 
The high-speed and high responsivity InGaAs photodetector (C30617BFC, Warsash 
Scientific, Australia) is of a mesa-type diode structure. This photodetector is 
designed for use in 1550 nm single mode fibre-optic communications systems. Two 
photodetectors are used in a differencing configuration, one on each output port of 
the mixer. 
5.5.2 Radio frequency amplifier 
Figure 5.14 illustrates the four stages of the radio frequency amplifier circuit; the full 
circuit diagram, a more detailed description of the circuit as well as the printed 
circuit board layout is included in Appendix V: The first stage is a transimpedance 
amplifier, OP AMP I or OP AMP2, which is used to convert the photocurrent, lsc, 
into a voltage signal. 
The second stage functions as a signal amplifier. The amplified signal then passes 
into a differencing amplifier (AD8001, Analog Devices) to reduce the noise. In this 
configuration signals that are in phase at both detectors will be cancelled due to the 
differencing configuration. However, when the amplified reference pulse train is 
optically mixed with the Doppler shifted measurement beam at the optical coupler a 
Doppler burst is produced that is out of phase by ,r radians at the two output ports of 
the coupler. Due to this 1r phase difference, the amplifiers double the Doppler burst 
amplitude while the in-phase noise is reduced. 
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Figure 5. 14 - Block diagram of radio frequency amplifier. 
Finally, the voltage follower is designed to match the impedance of the next stage, 
the input of the oscilloscope, the spectrum analyzer, or the phase lock loop. Figure 
5.15 illustrates the photograph of the radio frequency amplifier. 
Figure 5. 15 - Photograph of radio frequency amplifier. 
5.5.3 Phase-locked loop demodulator 
If the optical path of the laser beam is very long random noise might introduce a 
frequency shift, degrading the accuracy of the Doppler velocimetry. Mixing the 
signal with the highly stable and accurate frequency provided by a crystal oscillator 
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can improve the signal to noise ratio. The output signal can be further stabilised by 
the inclusion of a phase-locked loop that locks the output to the crystal reference. 
Figure 5 .16 shows the block diagram of the phase-locked loop used for noise 
reduction in this thesis, which follows the general principle discussed in section 
4.1.4. 
Input signal 1 is the main carrier frequency of 400 MHz plus a Doppler shifted 
frequency of typically 30 kHz. The second input signal at input signal 2 is 200 MHz 
directly from the modulation driver. This is passed through a frequency doubler to 
become 400 MHz. The crystal oscillator frequency is 10.752 MHz. 







10.752MHz '±' fct 
Input signal 2 
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Figure 5. I 6 - Block diagram of phase-locked loop for the experimental set-up. 
The signal from the radio frequency amplifier is mixed with the local oscillator, the 
10.752 MHz crystal oscillator, producing a combined signal as previously mentioned 
in Chapter 4.1.4. The full circuit diagram of the demodulator is presented m 
Appendix VI and the printed circuit board layout is shown in Figure 5.17. 
As the very weak signal is only present during very short Doppler bursts, sensitive 
signal processing methods are still needed to determine the Doppler signal. 
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Figure 5. 17 - Photograph of phase-locked loop demodulator for the experimental set-up. 
5.5.4 Spectrum analyser and other apparatus 
The output spectrum is measured with a spectrum analyser (R3 131, Advantest, 
USA), which has a bandwidth from 9 kHz to 3 GHz. Time series are measured by a 
fast photo detector and a digital real-time oscilloscope with a sampling rate of 5.0 
Giga samples per second at 1.0 GHz bandwidth. All the electronic equipment is 
shown in Figure 5.18. 
Figure 5. 18 - Photograph of apparatus. 
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Chapter 6 
Results and discussion 
In the previous section the main components of the amplified reference beam storage 
loop have been presented. The various stages of the system need to be characterized, 
and the performance of the arrangement needs to be evaluated. For this purpose 
several experiments and analyses have been carried out. The results of this evaluation 
will be presented in the following sections. 
Section 6.1 and 6.2 cover measurements of amplifier gain and noise, respectively. 
Section 6.3 gives the calculation of gain and loss within the storage loop. A simple 
optical set-up that generates a simulated Doppler signal, which is mixed with stored 
reference beam pulses, is discussed in 6.4. Section 6.5 of this chapter presents an 
optical arrangement for velocity measurements through a tachometer arrangement. 
An alternative method used to de-noise for signal processing is discussed in 6.6. 
Signal processing software developed to improve the signal to noise ratio will be 
presented in 6. 7. Finally, at the end of this section the overall performance of the new 
method of the amplified reference beam storage will be discussed. 
6.1 EDFA gain measurements 
The erbium-doped fibre amplifier (EDF A) gam measurements were obtained by 
comparing the input and output of the optical amplifier. Figure 6.1 (a) shows the 
experimental set-up to obtain the reference power, Pref, of the system without the 
amplifier. TpA was connected to a photo detector followed by a 50 n termination. 
The reference power level was recorded on a spectrum analyser. The optical 
amplifier module including a pump laser, wavelength division multiplexer, and 5 m 
of erbium-doped fibre was then inserted between TpA and TpB, and the amplified 
output signal level (Pmeas) was measured (Figure 6.1 (b )). The output power of the 
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signal laser diode was varied from IO µ W to 70 µ W at IO µ W intervals by adjusting 
the resistor attenuator of its regulated DC power driver. 
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Figure 6. I - Experimental set-up (a) the reference power Pref and Pnoise of the laser source; (b) for 
the output signal power Pmeas and PAs1: for EDFA gain and ASE noise measurements. 
Figure 6.2 (a) shows the output versus input pulse intensity of the erbium-doped fibre 
amplifier as a function of pump power and 6.2 (b) the gain vs. pump power as a 
function input pulse intensity. The pump power ranges from 5 mW to 50 mW and the 
photodiode voltage at the peak of the input pulse from 10 µW to 70 µW. 
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Figure 6. 2 - (a) The output vs. input pulse intensity;(b) Gain vs pump power. 
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Figure 6.3 (a) shows the signal to noise and amplified spontaneous emission noise 
versus pump power. Figure 6.3 (b) shows that at 20 mW pump power, the gain is 
15 dB and then saturates at 18 dB as the pump power increases to 80 mW. When 
gain is equal to amplified spontaneous emission noise, the signal to noise is equal to 
the signal intensity within the erbium-doped fibre amplifier. The signal-to-noise is 
saturated at 25 mW within the 5.0 m length of the erbium-doped fibre amplifier, 
hence as pumping power is increased the amplified spontaneous emission noise also 
increases and as a result signal-to-noise decreases. This figure was used to determine 
the optimum pumping power for the erbium-doped fibre amplifier. A pump power 
of 20 mW was chosen to avoid lasing oscillations, and the signal-to-noise was near 
maximum. 
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Figure 6. 3 - (a) SNR and Noise Figure vs. pump power; (b) gain vs pump power. 
6.2 Noise sources 
Inserting the erbium-doped fibre amplifier into the amplified reference beam storage 
loop will introduce noise because of the generated amplified spontaneous emission. 
Besides this there is additional noise introduced: Beating between signal and 
amplified spontaneous emission causes signal-spontaneous beat noise, and beating 
between amplified spontaneous emission spectral components causes spontaneous-
spontaneous beat noise (Kringlebotn et al., 1995). 
The laser source fluctuates in its intensity, phase, and frequency even when the laser 
is biased at a constant current with negligible current fluctuations. Since such 
fluctuations can affect the performance of the amplified reference beam storage 
system, it is important to consider the fundamental noise sources. The incoherent 
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beating between the various frequency components of the output source causes the 
intensity noise. The phase noise is caused by slight variations in path lengths through 
the system, in particular the erbium-doped fibre amplifier, because of vibrations, 
' temperature effects, or the like. 
In addition to the optically induced noise there is electrically induced noise such as 
1/f and amplifier noise. Precise noise measurements must be performed before 
constructing the amplified reference beam storage system to limit the interference 
with the output signal. Experimental results for measurements of amplified 
spontaneous emission, phase noise, laser intensity noise and electrically induced 
noise is discussed in the following sections. 
6.2.1 EDFA amplified spontaneous emission noise 
Noise figure measurements require accurate determination of the level of the 
amplified spontaneous emission generated by the erbium-doped fibre amplifier itself. 
However, the true amplified spontaneous emission is masked by the amplified 
optical signal, making direct measurements difficult. There are a number of possible 
methods for measuring amplified spontaneous emission levels; the one used for the 
measurements on this erbium-doped fibre amplifier makes use of level fitting. The 
level fitting method interpolates the amplified spontaneous emission level occurring 
at the optical signal from the amplified spontaneous emission level near the signal. 
This measurement method is relatively simple and when the amplified spontaneous 
emission around the measurement point is flat, the measurement precision is high. 
The experimental set-up for amplified spontaneous emission noise measurements is 
the same as that presented in Figure 6.1 ( a). The laser source spectrum, P noise, was 
first directly measured with the spectrum analyser and kept in memory for reference. 
Figure 6.1 (b) shows that the erbium-doped fibre amplifier was then inserted between 
points TpA and TpB. The spectrum analyser records the amplified spontaneous 
emission level. 
ln addition to the amplified spontaneous emission, the erbium-doped fibre amplifier 
output also contains amplified optical signal noise and electronic noise from the 
radio-frequency amplifier and photodetector. The following correction will give a 
more accurate determination of the amplified spontaneous emission power level, 
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PAs1: = P~s1: - G x P,,,,,", 6-2 
where P,~s1: is the measured amplified spontaneous emission level, G is the erbium-
doped fibre amplifier gain, and P noise is the input noise leveL 
6.2.2 Intensity noise of the signal laser 
The amplitude noise of the heterodyne beat signal anses from laser intensity, 
photodetector, and electronic amplifier noise. The experimental set-up is similar to 
that shown in Figure 6.1 (a). Measurements were recorded without pulsing the signal. 
A 1 mW continuous wave signal was available for measurement and reference beam, 
respectively. Various lengths of beam delay fibre delay the measurement beam. 
Reference and measurement beam are then optically mixed in a 2 x 2 fibre coupler 
inserted at TpA in Figure 6.1 (a). Each output of the fibre coupler is connected to one 
photodiode of the differencing photo detector, and the beat signal is detected. 
The frequency was measured relative to 400 MHz, which is the difference of the up-
shifted and downshifted signals. Figure 6.4 (a) and (b) indicate the delayed self-
heterodyne spectra at different fibre delay lengths. The shot noise floor for all the 
spectra in Figure 6.3 lies at 37 dBµV and the electronic noise is measured 
as -4.08 dBµ V /-VHz for all beam delay fibre lengths. The height of the central spike 
relative to the 'skirt' in Figure 6.4 (b) is related to the effective fringe visibility of the 
interference. Best visibility is apparent for the pink trace representing a 0.34 m delay 
fibre. 
When the length of beam delay fibre was extended, the excess noise (seen as the skirt 
on the side of the peaks) rises dramatically, degrading the signal to noise ratio. The 
visibility decreases as the beam delay fibre length increases. At a length of 450 m, 
much longer than the measured coherence length of the laser of 0.29 mm (Appendix 
VII), the interference fringes and the spike of the beat signal disappear from the 
spectrum. The excess noise is inversely proportional to the laser coherence length 
and increases proportional to the square of the fibre length. which is described by 
Harris et al. (1998). 
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Figure 6. 4 - Self heterodyne spectra at different fibre delay. (a) Short delay fibre ( BDF); (b) longer 
range. 
6.2.3 Phase noise caused by erbium-doped fibre amplifier 
The set up to measure phase noise is almost identical to that used for the intensity 
noise measurement. However, the erbium-doped fibre amplifier is inserted in the 
reference beam path before the coupler at TpA, and pulse mode is used (Figure 6.5). 
The travelling path of both the amplified reference and measurement beams is 
designed to be equivalent in length. The difference between them is within the 
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coherence length, which allows a number of reference pulses to optically mix with 


















Figure 6. 5 - Optical arrangement for phase noise measurement. 
Figure 6.6 illustrates the resulting spectrum. Optically mixing the up-shifted beam 
with the downshifted beam leads to signal fluctuations owing to phase noise. The 
pink spike shows the effective beat intensity when using the 5.0 m-long erbium-
doped fibre amplifier without any delay fibre . The frequency was measured relative 
to the 400 MHz beat signal. The height of the beat signal degrades as the delay 
length increases. When the delay length is greater than 450 m, the spike of the beat 
signal is completely absent from the spectrum thus leaving only the parabola of the 
very wide skirt. This is similar to the intensity noise measurement, but the skirt of 
noise spectrum is broader. 
Figure 6.6 also illustrates that the reference level vanes between 37.5 dBµV and 
60 dBµV ; 35 dBµV is the reference level without the EDFA included in the loop. As 
the delay length increases the noise also increases and hence further degrades the 
signal to noise ratio. The noise level is very unstable and sensitive to connector 
properties; that is: interference occurs between the reference beam and the reflection 
(about l %) from within the coupler and from the fibre connectors. As the result, the 
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different travelling path lengths of the interfering beams cause the delayed self-
heterodyne signal. 
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Figure 6. 6 - Self-heterodyne spectra using EDFA of 5.0 m length only and with BDF of 250 m and 
450 m length. 
6.2.4 Electrically induced noise 
Electronic noise mainly consists of noise from the photodetector and the 
transimpedance amplifier. The lower limits of light detection for photovoltaic 
detectors are determined by their noise characteristics (Y ariv, 1997). The noise 
current, in, is expressed as the sum of the Johnson noise current, t , caused by the 
internal shunt resistance, Rsh, and the shot noise current, is, resulting from the dark 
current: 
in = ~(i1 2 + is 2 ) 6-3 
Generally because photovoltaic infrared detectors have a large dark current, they are 
usually used at O V bias. In this case, the electronic noise is only determined by 
Johnson noise: 
i,, = i1 = ~4kTB 
R,1, 
6-4 
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where k is Boltzman' s constant, T is absolute temperature, and B is the noise 
bandwidth. In contrast, when used with a bias voltage applied, the shot noise is 
added, as follows: 
is= ~2qJB 6-5 
where I is the combined photocurrent and dark current and q is the elementary 
charge. The noise current shows flat frequency characteristics and is proportional to 



























Figure 6. 7 - Basic circuit connection for the front end of radio frequency amplifier. 
Figure 6. 7 shows the basic circuit connections of such an amplifier as the front end 
of the radio frequency amplifier shown in Appendix V. The output voltage is simply 
the product of the signal current, lsc, and the feedback resistance, R4. From the 
standpoint of noise performance the feedback resistance should be made smaller than 
the detector' s equivalent parallel resistance. The feedback capacitance, C1, is used 
mainly to prevent oscillation or ringing and should have a value of several pico 
farads. 
While the circuit of Figure 6. 7 makes use of the time constant of C, x R4 to act as a 
noise filter, it also limits the rise time. The circuit constants should, therefore be 
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chosen in consideration of the possible application. For applications in which 
extremely small amounts of infrared energy are to be measured, R4 can be made 
larger to increase the output voltage. Care is required however; the operational 
amplifier noise will increase by a factor of [1 +(R./Rsh)]. 
Figure 6.8 shows the electrical noise at the output of the radio frequency amplifier. 
The average noise level was measured as 1.6 m V and the signal to noise ratio as 30. 
This radio frequency amplifier has a maximal gain of 121.4 when the input signal is 
a 0.4 m V, 10 ns long pulse. 
Tim: (IO nS/div) 
Figure 6. 8 - Electrical noise at the output of the radio frequency amplifier. 
6.3 Storage loop measurements 
Before the new system can be used to measure the beating between the reference and 
measurement beams, it is necessary to determine whether the storage loop produces a 
sufficiently stable pulse train. In section 6.3 .1 calculations of the gain and loss in the 
storage loop are presented that determine if the gain can appropriately compensate 
the losses incorporated in the storage loop. Using the polarisation controllers and a 
tuneable filter with other optical components to maintain the pulse train amplitude at 
a suitable level for mixing with the measurement beam is discussed in 6.3 .2. 
6.3.1 Calculation of gain and loss 
Both gain and noise measurements have been carried out in the previous two sections 
and in this section we combine these results to calculate the gain and loss in the 
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storage loop. It is important to know the exact gain and loss of each of the optical 
components in the loop so that we can determine if the storage loop will go into laser 
oscillation. This situation is unwanted because it makes the system unstable. 
Therefore the storage loop is designed so that the total gain is slightly less than unity. 
In Figure 6.9, the loss for each optical component and connector (shown as a blue 
dot) is represented by a negative value. A pulse stored in the storage loop 
experiences a loss of -15 dB. When the gain of the 5m long erbium-doped fibre 
amplifier is adjusted to + 15 dB this leads to the desired overall gain of O dB. An 
input signal will lose a total of -4.75dB when it reaches the output of the loop. 
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Figure 6. 9 - Calculation of gain and loss in the amplified reference beam storage. 
6.3.2 Output pulse train 
The pulse output from the storage loop was measured for various configurations. 
Initially only the basic loop was used without polarisation controllers and tuneable 
filter. 
Without any pump power the gain of the erbium-doped fibre amplifier is negative. 
No lasing occurs due to the large loss in the storage loop. Then the pump power was 
adjusted to 5 mW, the amplified spontaneous emission coupled into the loop was so 
little that the gain of the erbium-doped fibre amplifier was not enough to cause laser 
oscillation. Changing the pumping power to 20 mW and the input signal to 70 µ W, 
the gain is 14. 99 dB as shown in Figure 6.3 (b ). 
Figure 6.10 shows the resulting pulse waveform from the storage loop. In this case, 
successive pulses experienced different losses when they propagated through the 
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storage loop, and their pulse amplitudes become severely uneven. Over a large 
number of passes through the storage loop the reference pulses still decay. 
We found that the amplified reference beam pulses did not remain stable as the pump 













Time (250 ns/div) 
Figure 6. JO - Output pulse train of the storage loop without PC and TF 
During the overshoot of the gain caused by the noise of the amplified spontaneous 
emission, the reference pulses show large oscillations. When the pump power is over 
this critical value, the free running laser oscillation starts, and the gain of the erbium-
doped fibre amplifier is clamped. In practice, the pump power should be adjusted just 
below lasing threshold when the signal is plugged in to avoid lasing oscillations. 
After the polarisation controllers and tuneable filter were added into the storage loop, 
pulses with more equal amplitudes were obtained. The tuneable filter was set to the 
signal wavelength and the polarisation controllers' angles were precisely adjusted to 
give the best pulse train. 
The waveform is shown in Figure 6.11. It shows that most of the noise has been 
removed, and only the main peak of the signal remains. The gain of erbium-doped 
fibre amplifier can compensate for the losses caused by the components of the 
storage loop and can be adjusted slightly below the lasing oscillating threshold. The 
reference pulse amplitudes are much more stable (average variation of± 3.8 %) than 
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those shown in Figure 6.10 (maximal variation of 47.9 %) The pulse spacmg 1s 
improved from ± 2.1 % to ± 0.5 %. 
__ L_ ----
Time (100 ns I div) 
Figure 6. I I - Output Pulse train waveforms of the storage loop in time domain. 
6.4 Beat signals without Doppler shift 
To measure small Doppler shifts the measurement beam reflected by some scattering 
particles in the atmosphere would be optically mixed with a reference beam. To 
produce a beat signal the reference beam must remain coherent and travel an 
equivalent path to the measurement beam. This situation can be simulated by mixing 
the upshifted and downshifted beam after the measurement beam has been delayed 
by some length of optical fibre. 
It has been shown above that the storage loop can generate a reasonably stable pulse 
train. In this section we will demonstrate that the pulse train remains sufficiently 
coherent to mix with the measurement beam and generate beat signals at various 
delays of the measurement pulse. 
Beat signals were obtained using the set-up illustrated in Figure 6.12, which is 
basically a combination of the design shown in Figure 6.5 with an amplified storage 
loop. Changing the length of the delay fibre produces beat signals at different points 
in time or different reference pulses. The lengths of the beam delay fibre were from 
25 m to 450 m in intervals of 25 m, which corresponds to the length of the storage 
loop. Figure 6.13 shows the lengths of beam delay fibres. The given values are 
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nominal only because short pieces were added to either the storage loop or the 
measurement beam delay to compensate for errors in measuring fibre lengths and to 
accurately match reference and measurement pulses. 
The lengths of beam delay fibre were cut manually. As the path length increases it 
becomes more and more difficult to match reference and measurement pathlength 
close to or within the coherence length of the laser. As a result the intensity of the 
beat signal drops, the signal to noise ratio increases with increasing delay pulse 
number, and it is very hard to generate beat signals. Beyond the 16th pulse the beat 
signals were very difficult to distinguish from the overwhelming noise. In total 
sixteen amplified reference beam pulses were achieved before noise deteriorated the 
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Figure 6. I 2 - Experimental setup.for measurement of heat signals. 
102 Doppler velocimetry lidar with amplified reference beam storage loop 
. . . . . . . . 
· · ·1{&:: :i.ci~ :~i.i~ :; · 1.3·4ii, ·:: ¥9~: :'~-~~-~- ·. 
Figure 6. 13 - Various beam delay fibre used in the amplified reference beam storage loop. 
Figure 6.14 illustrates the beat signal for some delay fibre lengths. The beat signal 
for the first pulse (no beam delay) is shown in Figures 6.14 (a) and (b) in time and 
frequency domain, respectively. The first beat signal has an average peak value of 
44.21 dBµV and average noise of 10.76 dBµV/\J'Hz. 
Figure 6.14 ( c) and ( d) shows the 4th beat signal of 42.07 dBµ V average peak value 
and 11.54 dBµV/\/'Hz average noise value. 
The sixteenth beat signal using a beam delay fibre of 375 m can be seen in Figures 
6.14 (e) and (f). The 16th average peak value is 34.98 dBµV with 14.77 dBµV/\/'Hz 
average noise value. All of the 16 beat signals show a centre frequency in the region 
of 400 MHz and a span of 1.0 MHz between left and right peaks as expected from 
the 500 kHz pulse repetition rate. 
The average beat peak value decreases from 44.21 dBµV to 34.98 dBµV whereas the 
average noise increases from 10.76 dBµV/\/'Hz to 14.77 dBµV/\/'Hz. We found that 
the average beat peak disappears in noise as the beam delay fibre is increased to 
more than 450 m. 
In Figure 6.14 ( e) the pulse amplitude decreases because the storage loop has 
additional fibre added to compensate for measurement error, but the gain and 
polarization control of the loop is left unchanged from the original set-up. 
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Figure 6. 14 - Intensity of the mixed signal (a), (c), and (e) are the /st, 3rd, and 16th beat signal in the 
time domain; (b), (d), and(/) show the frequency spectrum around 400 MHz. Note: The beat signal is 
the small modulation on the largest pulse. 
For further illustration, a program reads data files from the oscilloscope and carries 
out Wavelet de-noising. The Matlab function Blackman.m is used to break the de-
noised data into 17 time slots. A FFT then converts the time sliced data to the 
frequency domain. Finally the program plots 3-D graphs of the beat frequency versus 
time. 
A flow diagram illustrating the processing algorithm is shown in Figure 6.15, and the 
code used is included in Appendix I. The signal processing code was written and 
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produced by MATLAB 6.0 software then executed through ST A TIS TICA 6.0 to 
produce frequency domain 3D plots. 
Clear all variables 
Load data files 
Perfonn Wavelet processing 
Load Blackman.m 
Perfonn FFT and process file 
Average absolute values of FFT's 
Find maximun value, 
calculate frequency 
Plot result 
Write results to file 
Convert files to 30 plot 
Figure 6. I 5 - Flow diagram of the processing algorithm used to execute a FFT producing 3-D plots 
in time and frequency domains. 
Figure 6.16 illustrates the frequency spectra in each time slot for (a) the first beat 
signal, (b) the third beat signal, and ( c) the sixteenth beat signal. A time slot 
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Figure 6. 16 - Frequency & time domain plots from experimental results for (a) the first beat signal (b) 
the third beat signal (c) the sixteenth beat signal. Note: Only the top part of the spectrum is shown for 
clarity. The bandwidth of the spectrum is much wider than what it appears to be here. 
Figure 6.17 displays the signal and noise for the first 17 beats between reference and 
measurement beam pulses. It can be seen that in Figure 6.17 (a) the first 13 beats 
have the same intensity at a higher signal compared to the last four beats, i.e. above 
40 dBµ V for the first 13 compared to about 36 dBµ V in the last four beats. 
Figure 6.17 (b) shows the change of noise level extending from 10 dBµ V !'1Hz to 
15 dBµV/'1Hz. There was some little fluctuation over the first 13 beats, followed by 
an obvious increase of 4 dBµV/'1Hz from pulse 14 to 17. 
In general, these last four beats show the level of noise increasing steadily while the 
signal intensity appears to slowly decay. Overall, the system is very stable with little 
difference in signal and noise from beat one to beat 17. 

















I 2 -' i (, -, K ') IO 11 12 11 l.l Ii l<, I"' 
Pulse 
(b) 
Figure 6. 17 - (a) the signal and (b) noise for each of the 17 heut signuls. 
6.5 Velocity measurements 
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In the previous section we have shown that the amplified reference beam storage 
loop produces a stable pulse train, which can be optically mixed with a measurement 
beam. However, in practice the measurement pulse would be Doppler shifted by the 
moving air from which it is scattered. This effect can easily be simulated by the 
insertion of a rotating mirror into the path of the measurement beam. The 
experimental design is discussed in more detail in the following sections. 
6.5.1 Optical arrangement 
By inserting a rotating mirror in the measurement beam instead of a stationary planar 
mirror the signal will be frequency shifted in proportion to the speed of motor 
rotation. Varying the rotational velocity of the mirror. which can be altered by an 
adjustable speed motor, simulates differing velocities of the target. 
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A schematic diagram illustrating the set-up of the validation experiment is shown in 
Figure 6.18 and a photograph in Figure 6.19. This is an identical design to that in the 
previous section, with the exception of the rotating mirror, tachometer and the phase 
locked loop demodulation circuit. Measurements were taken at ten different rotation 
speeds, simulating ten different wind speeds. These results were then compared to 
the mirror velocities obtained by a tachometer. The phased locked loop demodulation 
circuit decreases noise levels from the radio frequency amplifier as mentioned in 
Chapter 4. 
To obtain an independent velocity measurement a tachometer is included in the set-
up. This consisted of a 632 nm laser diode and a photodetector connected to a 
frequency counter and was used to monitor the rotation rate of the mirror (Figure 
6.18 and 6.20). The 1550 nm and 632 nm light beams were shone on opposite sides 
of the mirror to separate the beams and simplify the optics. The beams need to be 
off-centre because on the rotation axis the mirror is not actually moving. It is 
stationary, and no Doppler shift will be generated. The 632 nm laser diode light was 
reflected by the rotating mirror onto a detector, and its frequency was counted. 
The conversion from Doppler shift frequency ~ v to rotation velocity v is carried out 
with the equation given by Drain ( 1980): 
~v = 2ucose 
'A 
6-6 
where ~ v is the Doppler frequency shift, v is the speed of a point on the mirror, and B 
is half the angle between the incident and the reflected measurement beam. The 
angle 28 is approximately 2/3 1r radians by construction. Hence the Doppler shift 
frequency is 
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r is the radial distance of the measurement spot, and fc the rotating frequency 
displayed by the frequency counter. The lidar beam was positioned at a distance 
r = 0.005 m ± 10 % from the rotation axis. Therefore, a tachometer frequency, Jc, of 
63.66 Hz corresponds to a velocity of 1.0 mis± 5 % at the measurement location. 
!c 
(Hz) 64.7 127.3 I 91 .0 254.7 3 I 8.3 382.0 445.6 509.3 573.0 636.6 
u 
(mis) I 2 3 4 5 6 7 8 9 IO 
Table 6. I - Tachometer frequency versus velocity. 
By adjusting the autotransformer, we can vary the output AC voltage to the motor of 
the rotating mirror, and select the velocities indicated in Table 6.1. 
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Figure 6. 18 - The.full experimental set-up of lidar system used.for velocity measurement. 
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Figure 6. 19 - The photograph of the full experiment set-up of lidar system. 
6.5.2 Experimental validation 
To optimise the rotating mirror set-up we need several separate steps: Firstly, we 
need to ensure sufficient light is reflected from the rotating mirror; then we measure 
the Doppler shifted beat signal and finally make a direct conversion from frequency 
shift to speed. 
6.5.2.1 Light reflected from a rotating mirror 
The 1550 nm light is undetectable by the human eye, and the window in the rotating 
mirror is too narrow to fit a sensor card as shown Figure 6.20. Two methods were 
used to test that the 15 50 nm light is on the correct spot of the mirror and produces 
maximum reflection of light. 
The first step of the alignment was to use a continuous wave and the next step was to 
use a pulsed laser. The second step monitors the rotation speed of the mirror using a 
tachometer arrangement and calculates the Doppler shift of the beat signals. By 
knowing the Doppler shifted frequencies , we can then calculate the velocity of the 
rotating mirror. 
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Figure 6. 20 - The enlargement of tachometer optical arrangement in the new design lidar system. 
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Figure 6. 21 - The reflected beam from the rotating mirror in continuous wave mode. 
The results from the continuous wave mode are shown in Figure 6.21 using the set-
up from Figure 6.18 with the reference beam disconnected, no pulse circuit, and no 
phase lock loop arrangement. In addition, the modulator driver was adj usted to a 
maximum power of 2.0 W. 
The results are for ten speeds of the rotating mirror from 1.0 mis through to 10 mis 
(referring to Table 6. 1). It is evident that at lower speeds the intensity is spread over 
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a larger time period. As the speed increases the intensity becomes sharp, that is a 
high intensity over a short time interval. The pulse width is in the range from 0.5 µs 
to 2.5 µs for all speeds except 1.0 mis at 7 µs. It is also evident that the noise from 
the rotating mirror does not affect the light beam. This is desirable as the intensity 
from the original signal is the same as the reflected signal. 
6.5.2.1.2 Pulsed mode 
The results from the pulse mode are shown in Figure 6.22 using the set-up from 
Figure 6.18 without the reference beam. The same ten speeds as for the continuous 
wave mode were used to measure the reflecting light from the rotating mirror. At all 
speeds, except for 2 mis, the intensity is about the same. 
Figure 6.22 (a) shows the output signal that has not passed through the phase locked 
loop demodulator circuit. With an appropriate phase-locked loop arrangement the 
noise is significantly reduced. Figure 6.22 (b) shows the improvement at 34.93 dB 
signal to noise ratio. An explanation for the difference between the figures is that the 
rotating motor caused vibrations. 
By using the phase locked loop demodulator circuit, the reflected light signal is a 
stable pulse, whereas the peak of the bypassed signal varies by 6.75 dB, is unstable, 
and affected by high frequency noise (measured noise is 11.99 dBµV/Hz 112 at 
400.053 MHz). When the signal is passed through the phase locked loop, the noise is 
reduced to 5.24 dBµV /Hz 112 at 400.029 MHz. 
The pulse width of approximately I 08 ns (FWHM) does not vary with rotation rate 
unlike in the continuous wave mode. This makes the pulsed laser mode better suited 
to the situation, as the time spent on the mirror would be long enough to obtain the 
information to detect Doppler shifts. 
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Figure 6. 22 - The reflected light from the rotating mirror for pulsed laser mode (a) without phase-
locked loop circuit; (b) with phase-locked loop demodulation. 
6.5.2.2 Doppler shift measurements 
Suppose the frequency of the incident laser beam is vo and the frequency shift from 
the acousto-optic modulator is f s, then the upshifted and downshifted beams have a 
frequency VR (reference beam) and VM (measurement beam) respectively (Figure 
6.23). The up-shifted frequency is the addition of the initial beam and the shift 
frequency . The downshifted frequency is the difference between vo and f s. 
Doppler shifted frequency 
Negative Positive Upshifted 
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Figure 6. 23 - Diagram illustrating the beating of two Doppler shifted beams with a frequency shifted 
measurement beam. 
If the Doppler shift frequency is f D, the frequency of the scattered light is either (VM 
+ f 0 ) or (vM - f 0 ) dependent on the direction of velocity. Beating with light of the 
measurement frequency VM produces a signal of frequency f D in either case, but if 
the reference beam is used the corresponding beat frequencies are (2fs + f o) and (2f s 
-f 0 ). Thus, directional discrimination is possible. 
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400.72 MHz 
' Speed I 
Frequency ( I MHz/div); 399 10 409 MHz 
Figure 6. 24 - Beat frequency spectrum using reference pulse one at speed I (upper trace) and speed 
JO (lower trace). 
Figure 6.24 illustrates the frequency spectrum of the beat signal for the first reference 
pulse. The top trace is measured at speed 1 generating a beat signal at 400. 72 MHz 
and the lower trace at speed 10 resulting in a frequency peak at 406.52 MHz. The 
Doppler shift frequencies f D can be found from 
6-9 
where fp is the beat peak frequency, and fs the modulation frequency, as 
Jo, speed 1 = 400.72 MHz-400.072 MHz= 0.648 MHz 
Jo, speed 10 = 406.52 MHz - 400.072 MHz= 6.448 MHz 
The velocities derived using equation 6. 7 are then 
Vi = f D * A =0.648 MHz * 1.55 µm = 1.0044 mis. 
Vio = f D * A =6.448 MHz* 1.55 µm = 9.9944 mis. 
The beat signal for speed ten has a beat intensity of 39 .41 dBµ V and a noise of 
19 .17 dBµ V !'1Hz at 406.52 MHz. 
Figure 6.25 illustrates the Doppler burst spectra for three-selected reference pulses at 
ten various speeds of the rotating mirror. Figure ( a) is the superposition of 10 spectra 
each at a different speed for reference pulse one, Figure (b) for pulse 3, and (c) for 
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pulse 16. The first peak in each diagram is noise produced by the modulator driver at 
a frequency of 400.072 MHz. The following peaks are beat signals corresponding to 
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Figure 6. 25 - Doppler burst spectra at JO speeds/or the first (a), third (b) and sixteenth (c) reference 
pulse. 
It can be seen from Figure 6.25 that the intensities of the beat for pulses 1, and 3 are 
relatively constant and well above the noise level. However, the beat intensity of 
pulse 16 (Figure 6.25 ( c)) is almost overcome by noise, making it very hard to 
distinguish between noise and burst signals. 
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The decrease in signal for long delay fibre lengths is not surprising as these fibres 
consist of several pieces connected by FC/PC connectors, for example 375 m 
(nominal) of beam delay fibre was made up of 17.7 m, 24.3 m, 33.0 m and 300 m of 
beam delay fibre. Consequently, extra pumping power is needed to compensate the 
loss caused by the fibre connectors, Harris et al. (1998). 
6.5.3 Velocity measurement results 
Figure 6.26 is a box plot of the validation experiments. The mean, the standard 
deviations, and the maximum values of the measured velocities for each of the 
sixteen reference pulses is plotted versus tachometer measured velocity. 
The mean value for the first nominal speed of 1 mis is 1.11 mis (±0.14 mis) for all 
sixteen pulses. The minimum and maximum values are between 0.86 mis and 
1.30 mis. Speed one has the largest standard deviation and difference between 
minimum and maximum value. These values decrease with speed and reach a 
minimum at 8 mis after which they increase. 
The correlation between the Doppler and Tachometer measured velocities is very 
good: R2=0.9998. Only speed 1 seems to deviate slightly from the nominal velocity. 
All speeds agree with the nominal velocity within plus or minus one standard 
deviation, and all measured data lies within three standard deviations of the actual 
velocity. This means that the system can accurately measure the velocity of the 
rotating mirror to well within ±0.14 mis. 
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Figure 6. 26 - Doppler measured versus tachometer-measured velocity for pulse I to 16. 
To analyse the results from the previous section, we consider the relative difference, 
~v, between the tachometer velocity, VT, and the Doppler measured velocity, Vo, that 
was derived in the previous section: 
~U= Uo-UT. 6-10 
UT 
Figure 6.26 illustrates that the relative velocity difference (in percent) at low rotation 
speeds is much greater than that at higher speeds. A drift in the motor speed might 
cause this. The tachometer uses a frequency counter, which averages over a 
relatively long period compared to the very fast Doppler measurement pulse. During 
this time interval the speed can change without the tachometer displaying any 
difference. Also, at low rotational speed the rotating mirror is less stable and 
vibrations might cause the measuring spot to move radially away from the axis. This 
would result in different speeds observed by the measurement beam. 
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The maximum relative velocity difference between the Doppler measured velocity 
and tachometer-measured velocity for the first four pulses is 3 % (Figure 6.27(a)), for 
the second four pulses 3.8 % (Figure 6.27(b)), for the third pulses 5 % (Figure 
6.27(c)), and for the last pulses 6 % (Figure 6.27(d)). This means that the system 
could be accurate to 95 .5 % over all sixteen pulses. Generally all pulses show a 
± 2 % velocity difference at 2 mis improving to within ± 0.6 % at higher speeds. 
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Figure 6. 27 - Doppler measured velocity difference in percentage. 
Figure 6.28 illustrates the signal to noise ratio for pulses one to sixteen. It averages 
about 20 dB for the first pulses, and then decreases to 14.5 dB for pulse 16. A trend 
line shows the variation of the signal to noise ratio with velocity for each pulse. 
Pulses one to four show a rise in signal to noise ratio from 1.0 mis to 10.0 mis; for 
the following twelve pulses there is a slight linear decrease in signal to noise ratio. 
This can be explained by the insertion of fibre connectors after pulse four, which are 
required to make up the necessary delay fibre length and has already been discussed 
in section 6.4 to increase the beam delay fibre length. Therefore, the gain of the 
10 
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erbium doped fibre amplifier cannot maintain the amplitude of the later reference 
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Figure 6. 28 - Signal to noise ratio of Doppler burst signal. 
6.6 Signal processing and noise 
10 
10 
In the previous section, we have used the frequency data from the spectrum analyser 
to convert the Doppler signal into velocity. Due to the nature of the burst signal and 
the low number of data points available per sweep (500), the accuracy of the speed 
calculation is limited to 0.6 %, and it is very difficult to identify the frequency 
maximum when the noise is getting higher. 
An alternative method, which would also be more relevant to a real, low cost 
measurement system, is to use time domain data and process these on the computer. 
Therefore, time domain data measured by the oscilloscope was recorded and was 
processed by using a one-dimensional continuous wavelet transform that offers the 
means to de-noise signals in the time domain (Matlab 6.0 software). The code is 
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provided in Appendix II, Code- I. When a signal's spectral content varies over time, 
this processing readily isolates undesired components that appear and disappear. 
Components that undergo changes in amplitude and frequency with time can also be 
characterized. This procedure also offers a greater flexibility than the previous 
hardware processing for noise removal. 
Figure 6.29 (a) shows a signal that has not been processed. With appropriate wavelet 
processing, the noise in the Level I LF signal is significantly reduced. Figure 
6.29 (b) shows the improvement (bottom trace). The top trace represents the Level I 
HF signal, which has a significant high frequency noise component. For illustration 
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Figure 6. 29 - (a) without any wavelet processing: (b) Wavelet processed signal. Bottom: Denoised 
level I lF signal; Top: level I HF signal. 
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After the wavelet processing, a FFT is applied to derive the frequency of the burst 
signal (The code is provided in Appendix I.). The frequency can then be converted to 
velocity in the same manner as before. 
At a sampling rate of one 1 Gsample/s of the oscilloscope, the FFT has a Nyquist 
upper frequency limit of 500 MHz. For 500 time domain points the FFT produces 
250 frequency domain points, providing a frequency resolution of 2.0 MHz. At a 
laser wavelength of 1550 nm, the minimum desired velocity resolution of 0.1 mis 
corresponds to 64.5 kHz, which is much lower than the FFT frequency resolution. 
The time domain data collected from the experiment by the oscilloscope was 
converted into frequency, and each frequency point of the wavelet de-noised data 
was expanded 128 times resulting in a total of 16,000 data points. This obviously 
increases the FFT frequency resolution and simplifies the determination of the 
frequency maximum of the Doppler burst, but has the side effect of broadening the 
peaks, which is called "interpolation theorem" (James, 1995). 
The signal processing can now easily find the frequency maximum of the 
experimental data, but another consideration is whether the method is still successful 
at higher noise levels. To test this elevated noise levels were simulated. 
The flow diagram shown in Figure 6.30 illustrates the signal processing (The Matlab 
code is included in Appendix 11-Code-2). It begins by reading the first simulated 
burst signal for a given speed (Figure 6.31 (a)). White noise is then generated (Figure 
6.31 (b)) and is combined with the burst signal (figure 6.31 (c)). This data is then 
transformed from the time domain into the frequency domain by a FFT. The process 
is repeated until all 16 pulses have been read and transformed. 
The FFT data is then averaged, because all the burst data were obtained under the 
same conditions at speed 1 to speed 10 for each reference pulse I to 16. After that, 
the absolute value is calculated and the frequency maximum, !max, is determined and 
recorded. The whole process is repeated until all ten speeds have been processed. Ima-.: 
is converted into a velocity by equation 6.8, is compared to the actual velocity of the 
rotating mirror, and the regression co-efficient is calculated from equation 6-11. 
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Figure 6. 30 - Flow diagram of the processing algorithm used to perform regressing from 
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Figure 6. 31 - The waveforms in time domain (a) simulated burst signal; (b) white noise of 
31. 75 dBµVf,/ff= generated by Matlab software; (c) an addition of (a) and (b). 
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L(r,1 -Yi)(r,2 -¥;) 
R = --;::==='========= 6-11 
L( r,, -Yi tL( r,2 -r; )2 
where Y1 is the burst signal and Y2 is the white noise. 
Figure 6.32 illustrates the correlation coefficient as a function of white noise, which 
is given as a multiple of the experimentally measured noise at a level of 
12.5 dBµ V !'l'Hz. The value of R2 remains constant at about 1.0 up to a noise level of 
31. 75 dBµ V !'l'Hz, about 2.5 times the experimentally measured level. The accuracy 
of the speed calculation was about 0.5 % for this range. After that R2 rapidly drops as 
white noise increases. 
It is worth to mention that this test indicated that the expected frequency resolution 
was achieved by the alternate method and a 2.5 time higher noise level can be 
tolerated. 
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Figure 6. 32 - Correlation coefficient (R2) for artificial Doppler signals versus white noise, which is 
in multiples of the measured noise with burst of 12.5 dBµVlvHz. 
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6. 7 Simulation 
To find the maximal number of pulses that could produce useful beat signals in a 
future commercial system a simulation of the optical arrangement was performed 
using Matlab 6.0 software (Appendix III) . The simulation program will investigate 
how far this new system can go until it is too much affected by signal losses and 
noise. 
The modelling included the calculation of both measurement and reference beams in 
forward and backward directions at all the nodes shown in Figure 6.33. The nodes 
are formed at the connections between two optical components and are indicated by a 
blue dot. The red arrows show the direction of light propagation and reflection 
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Figure 6. 33 - Schematic diagram of simulation. Nodes are shown in blue, and delay times in light 
blue. 
Figure 6.34 shows the sequence of tasks that the software executes to simulate the 
storage loops operation. This begins by setting all of the data points that represent the 
signal propagating throughout the storage loop. The delay time follows and is 
determined by the component fibre length. Some fibre delay is considered because of 
different pigtail lengths of the optical components. The delay time is calculated by 
the total length between connections for each component and is then converted to a 
time ld. 
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where / is the connector-connector length of the component, c0 is the velocity of light 
in free space and n is the refractive index ( 1.458 for of the single mode fibre used). 
All noise such as ASE, phase noise, laser intensity noise, and electrically induced 
noise must be considered in the simulations except laser intensity noise. Because the 
length of the beam delay fibre can be set accurately by the simulation, there are no 
measuring errors that occur in the real set-up. The noise that is introduced into the 
simulation is 12.5 dBµ V !'1Hz; this is the same as the experimentally measured noise. 
At each fibre connection the intensity of the measurement beam was reduced to 98 %, 
and 1 % of the incident intensity was reflected with a rr phase change. This is more 
than an order of magnitude greater than the specifications for the fibre connectors. 
However, it would be a worst-case approximation for a poorly aligned system. Also, 
a small absorption factor of 1 % of the incident intensity is introduced to simulate 
fibre absorption and other losses within the storage loop. To overcome this reduction 
of signal intensity, gain is then provided at the appropriate level so that the system 
has an entire gain slightly less than unity. Some additional ASE needs then to be 
suppressed. Due to our backward pumping arrangement the travelling directions of 
the signal and pump beams are opposite, so that the isolators in the storage can block 
the ASE noise by 99 %. Using a random number generator noise is then introduced 
into the system in the form of amplified spontaneous emission and phase noise, 
which are estimated to be 0.2 dBµ V !'1Hz and 0.5 dBµ V !'1Hz for each pass. 
The next step of the algorithm is to define the input signals, both the measurement 
and reference pulses. Results are plotted to illustrate the artificial Doppler bursts after 
mixing and the number of pulses created by the storage loop. 
As the first simulated beat signal produced is produced, the noise can be adjusted to 
the same level as the measured noise of 12.5 dBµ V !'1Hz. The simulation can then run 
the code forward to producing more beat signals. The simulation for the first 16 
pulses gave similar results to the experiment confirming the theoretical approach. 
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Figure 6. 34 - Flow diagram of the the storage loop experiment simulation. 
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Figure 6.35 shows the simulation beat signals for (a) the 2nd (b) the 51 st ( c) the 10 I st 
pulse. The beam delay fibre within the storage has successfully delayed the simulated 
measurement beam (Node 9) when compared to the amplified reference pulse train 
(Node 73). The measurement beam exhibits some small beat signals from reference 
pulses that have reflected off the detector or connectors at the output. This figure also 
proves that successful mixing between the delayed measurement and amplified 
reference pulse train has occurred and Node 15 shows the output. The difference 
between the two output signals (Nodes 15 and 79) is shown in the bottom graph, 
which illustrates the beat signal. 
It is evident from Figure 6.35 (c) that the noise is getting bigger from pulse 70 
onwards and a small oscillation begins. This situation will cause the reference pulse 
to be overridden by the noise. Comparing the simulation with the experiment, Figure 
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6.14, we find that the amplitude of the simulated beat signals is 1.0 dB larger than 
that obtained from the experiment. Some small, undesirable beat signals are 
introduced in the simulation due to mixing with reflections. This result can be 
explained by the fact that the optical fibre couplers do not have the exact theoretical 
split ratio, and the reflection percentage is not exactly that of the datasheets. 
The maximum useful reference pulse number is conservatively estimated to be about 
70, even though the 101 st beat signal can be produced. The simulations show that the 
system can be applied over a measurement range of up to 2,550 m, significantly 
longer than the result of 583 m proven by the sixteen experimental reference pulses. 
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Figure 6. 35 - Simulated beat signals for (a) the second (b) the fifty first (c) the one hundred first. 
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6.8 Discussion 
We have described and demonstrated a novel method for lidar reference beam 
storage that uses an erbium-doped fibre amplifier within the loop. The method 
produces a reference pulse train which mixes with the measurement beam generating 
a Doppler burst signal for velocity measurements. Several experiments and analyses 
have been carried out and demonstrate that the method is capable of generating a 
stable and coherent reference pulse train for further application in lidar systems. 
Inserting the erbium-doped fibre amplifier into the amplified reference beam storage 
loop will introduce noise because of the generated amplified spontaneous emission. 
Noise figure measurements require accurate determination of the level of the 
amplified spontaneous emission generated by the erbium-doped fibre amplifier itself. 
It is important to know the exact gain and loss of each of the optical components in 
the loop so that we can determine if the storage loop will go into laser oscillation. 
Therefore the storage loop is designed so that the total gain is slightly less than unity. 
We have inserted a rotating mirror into the path of the measurement beam to 
simulate the effect in a velocimetry lidar system. We have also designed a phase 
locked loop demodulator circuit to reduce the noise of the measurement beam to 
5.24 dBµ V /Hz 112 at 400.029 MHz. 
The system is accurate to 95.5 % over all sixteen pulses hence making amplified 
reference beam storage useful for wind shear and turbulence measurements. 
Generally all pulses show a ± 2 % velocity difference at 2 mis improving to within 
± 0.6 % at high speeds. 
The data shows that the presented experimental set-up is suitable for Doppler 
velocimetry up to a range of 583 m. A simulation of the optical arrangement was 
performed in Matlab 6.0 software to investigate how many useful pulses could be 
achieved by this method. The simulations show that it should be possible to use the 
method up to a distance of 2,550 m. 
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6.8.1 Experimental limitations 
There are several limiting factors in this experiment: 
• The main limiting factor in the current set-up is the efficiency of the optical 
components. In particular, the loss in signal intensity through the acousto-
optic modulator is in the order of 21 % for each shifted beam, and 60 % of 
the signal is lost at each single mode fibre coupler leaving only 8.4 % of the 
original 6.0 mW laser signal. Only 0.504 mW can be input into the amplified 
reference beam storage. Improving the efficiency of these components will 
greatly enhance the system. At present it takes quite some skill to take the 
optical set-up to the limit of its performance ability. 
• The accuracy of the measured results drops from the sixteenth pulse, whose 
signal-to-noise ratio is somewhat lower than the first fifteen pulses. A main 
limitation is the experimental equipment available. A better means to 
determine fibre length and more accurate time measurement would improve 
the experimental results. The simulation has proven that the number of pulses 
can be extended to more than 70. Improving the equipment, in particular 
using more precise measurement equipment might extend the practical 
number of pulses beyond that reached by simulation. This would make the 
amplified storage loop a very attractive proposition for a low cost lidar 
system. 
• The amplified reference beam storage used pulse lengths of approximately 
100 ns, which provided Doppler bursts of equivalent times. Compared to 
other lidar systems, these very short pulses provide a high spatial 
measurement resolution of 37 m and a measurement volume length of less 
than 30 m. The short Doppler bursts however make it difficult to transform 
the frequency into a velocity due to the weak signal that is produced by 
mixing the reference beam pulse train and a faint Doppler shifted 
measurement beam. 
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6.8.2 Theoretical limitations 
The fibre attenuation and dispersion are two maJor limitations in the amplified 
reference beam storage. The main theoretical limitation is the fibre dispersion, which 
determines the ability to distinguish the individual output pulses, and tends to be the 
limiting factor for use. Dispersion is an effect, which causes broadening of pulses in 
an optic fibre cable, because the material of the fibre has different refractive indices 
at different wavelengths. As the laser is not monochromatic, the input pulse includes 
a spread of frequencies centred on the laser's wavelength. Each frequency 
component experiences a different refractive index in the fibre and therefore travels 
at a different velocity causing the output pulse at the output of the fibre to be spread 
in time. 
The broadened pulse width, T, of a Gaussian pulse after travelling a specified 
distance, d, in a fibre can be calculated as (Saleh and Teich, 1991) 
6-13 
The Gaussian pulse is spreading as a function of distance. At large distances, the 
width increases at the rate IDvl I 1r To, which is inversely proportional to the initial 
width To. Dv is the material dispersion coefficient for the centre wavelength. 
The dispersion coefficient of a typical optical fibre at a wavelength of 1550 nm is 
approximately 17 ps.1an· 1.nm·1• Considering our pulse length and the line width of 
about 2 nm of the laser leads to a maximum storage length in of about 88 km. This is 
a considerably longer distance than that achieved experimentally (583 m) or even in 
the simulations (2,550 m). Unless the measurement range is much increased pulse 
spreading will not have a significant effect. 
In practice, other effects such as attenuation would limit the range, but in contrast to 




The concept of using a reference beam storage loop for low coherence lidar systems, 
which has previously been reported in the literature, has a number of limitations that 
make it unpractical for use in commercial systems. The main problems are the 
number of pulses that can be used for Doppler velocimetry, the high noise, and the 
low signal to noise ratio. 
A novel design for amplification of the reference beam pulse inside the loop has been 
presented in this thesis. The technique compensates for the decay of the reference 
beam signal and thereby increases the number of pulses that can be used for Doppler 
measurements. The new approach relies primarily on the use of an erbium-doped 
fibre amplifier, which provides a gain slightly less than one to avoid laser oscillation. 
The system has the ability of measuring the velocity of moving targets in the 
direction of measurement beam propagation. 
The optical design and the components necessary to generate the required gain have 
been presented and characterised. Electronic as well as software-based methods to 
improve the signal to noise ratio of the final signal have been included in the design. 
The experimental results prove that the stored amplified reference beam pulses 
optically mix with a Doppler shifted measurement beam. Velocity measurements of a 
hard target have been carried out and show that the system is accurate in measuring 
Doppler shifts. Software simulations were performed which show that it should be 
possible to use the system over a much larger range than the experimental results 
proved. Both simulation and the amplified reference beam storage loop demonstrate 
that the system might be effectively applied to measuring wind shear and turbulence. 
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This thesis has significantly advanced the concept of reference beam storage for low 
coherence lidar in several areas, specifically: 
• The operating wavelength has been transferred to the telecommunication 
range around 1.55µm. This leads to a measurement system that is more eye-
safe than the previous storage loop design and allows the use of readily 
available optical components. 
• An all-fibre-pigtailed, amplified reference beam storage has been designed. 
• The pulse train output from the storage loop does not decay as in previous 
systems, as it is amplified while passing through an erbium-doped fibre 
amplifier. This increases the number of reference beam pulses that are useful 
for velocimetry measurement. 
• The noise of the Doppler signal has been reduced by electronic (synchronous 
detection and phase-lock loop) and software techniques (wavelet transform). 
• Optical mixing between 16 amplified, stored reference pulses and a Doppler 
shifted measurement was successful at a signal to noise ratio 30 dB. This is 
equivalent to a maximum measurement distance of 583 m. Simulations show 
that it should be possible to extent the measurements to 70 pulses ( 15 dB 
signal to noise ratio) which corresponds to a range of 2,550 m. 
• The Doppler measured velocities agree with reference measurements to 
within ±0.14 mis over the range 1 to 10 mis. 
This study has advanced the storage loop concept further towards a practical lidar 
system. However, there are still several problems that need to be solved before this 
approach will lead to a commercially viable design. This work has not investigated 
how the backscattered light can be efficiently mixed with the reference beam. 
Coupling the measured signal into single mode fibres will be very inefficient and will 
increase the noise. Overall, it would be desirable to further improve the signal to 
noise ratio of the current design, so that the system will be able to cope with very 
weak backscattered signals. 
These are difficulties that can be overcome with further work, and a low coherence, 
long range, pulsed Doppler system based on a compact storage loop design remains a 
feasible alternative to current commercial systems. 
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Appendix I - Time sliced FFT 
• processing 
The following signal processing code was written and executed using MATLAB 6.0 
software. This program reads data files from the oscilloscope, then performs Wavelet 
de-noising, Blackman.m to break the de-noised data into 17 time slots, and FFT, to 
convert the time sliced data to frequency domain. Finally plots 3-D graphs of the 
time sliced FFT data by performing Statistica 6.0. 
% Time sliced FFT processing 
% Jyi-Lai Shen 
% July 2002 
%Time Sliced FFT Code 
% Clear all variables 
clear; 
% Find number of points in each block 
N = ceil (1000/17); 
% Find total blocks 
blocks = ceil (1000/N); 
% Load data files 
infile = fopen('E:\files\TEKOOOOl.csv'); 
al= fscanf(infile,'%f',[N, blocks]); 
fclose ( infile); 
infile = fopen('E:\files\TEK00003.csv'); 
a2 = fscanf(infile,'%f', [N, blocks]); 
fclose ( infile); 
infile = fopen('E:\files\TEK00016.csv'); 
a3 = fscanf(infile, '%f', [N, blocks]); 
fclose ( infile); 
% Perform the wavelet processing of al 
[CAl,CDl]=dwt (al, 'db2'); 
[ CA2, CO2] =dwt ( CAl, 'db2 ' ) ; 
[CA3,CD3]=dwt(CA2, 'db2'); 
[CA4,CD4]=dwt(CA3, 'db2'); 
t Perform the wavelet processing of a2 




t Perform the wavelet processing of a3 
[ CA9, CDl 3] =dwt ( a3, 'db2' ) ; 
[CA10,CD23]=dwt(CA9, 'db2'); 
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[CA1l,CD33)=dwt(CA10, 'db2'); 
[CA12,CD43)=dwt(CA1l, 'db2'); 
%Setup Blackman matrix 
Id(l,1:blocks)=l; 
Blk2=blackman(N)*Id; 
% Define number of points in FFT 
M = 1000; 
%process pulsel file 
a CA4(1,1).*Blk2; 
b fft(a, M); 
c = abs (b); 
%write results to data file 
outfile = fopen ( 'files/Timesliced_FFTl .csv', 'W'); 
for f = 1:M/2; 
fprintf (outfile, '%f', 1000000/M*f); 
fprintf (outfile, '%f', c(f,1:blocks-1)); 
fprintf (outfile, '%f\n', c(f,blocks)); 
end 
fclose (outfile); 
%process pulse3 file 
a CAB (1, 1). *Blk2; 
b = fft (a, M); 
c=abs(b); 
%write results to data file 
outfile = fopen ( 'files/Timesliced_FFT3. csv', 'w'); 
for f = 1:M/2; 
fprintf (outfile, '%f', 1000000/M*f); 
fprintf (outfile,'%f', c(f,1:blocks-1)); 
fprintf (outfile, '%f\n', c(f,blocks)); 
end 
fclose (outfile); 
%process pulse16 file 
a CA12(1,1).*Blk2; 
b fft(a, M); 
c = abs (b); 
%write results to data file 
outfile = fopen ( 'files/Timesliced_FFT16.csv', 'w'); 
for f = 1:M/2; 
fprintf (outfile, '%f', 1000000/M*f); 
fprintf (outfile, '%f', c(f, 1:blocks-1)); 




Appendix II - Signal processing 
codes 
The following signal processing code is written usmg MATLAB 6.0 software. 
Code-1 is used to de-noise the signal from the output of the phase-locked loop 
demodulator. It reads burst data from the oscilloscope and performs a wavelet 
transformation on this data. Code-2 is used to convert the frequency maximum fmx 
into velocity, add noise, and to determine the regressing coefficient. 
% Signal Processing Wavelet de-noises Code-1 
% Jyi-Lai Shen 
% June 2002 
t Clear all variables 
clear; 
% Define input signals and noise 
sn=sin(20.*linspace(O,pi,1000) )+0.5.*rand(l,1000); 
Q 
15 Perform the wavelet processing 
[CAl,COl]=dwt(sn, 'db2'); %Signal 
[CA2, CO2] =dwt (CAl, 'db2'); %Signal 
[CA3, C03] =dwt (CA2, 'db2'); %Signal 







subplot ( 713) 
plot(l:length(CAl), CAl) 






subplot ( 71 7) 
plot(l:length(CA3), CA3) 
shg; 
and noise at Level 
and noise at Level 
and noise at Level 
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% Signal Processing Code-2 
% Jyi-Lai Shen 
% June 2002 
clear;clg; 
m = l; 
% Find number of points in each blocs 
N = ceil(S00/1); 
% Find total blocks 
Blocks= ceil(501/N); 
% Read burst data from oscilloscope 
infilel = fopen('burstNoiseOl.txt'); 
al = fscanf(infilel, '%f', [N, Blocks]); 
fclose(infilel); 
% Define the range for noise 
for n = 0:0.05:1.4; 
k = l; 
for f = 0.1:0.02:0.9; 
% Define the number of data points 
N =32; 
fort= l:N; 
% Initiate the noise 
xn(t) = rand* 2 - l; 
%Define the white noise 
xn(t) = (log(l-abs(xn(t) ))/l.49*sign(xn(t)) )*n; 
% Define input signals 
xl(t) = sin(pi* (t/N)); x2(t) 
N/2) * (t/N)); 
x3(t) = cos(2* pi* (f/2* N/2)* (t/N)); 
end 
% Add white noise to burst signals 
Bl= x2.* xl.A2;Bln =Bl+ xn; 
cos (2* pi* (f* 
82 = x3.* xl.A2;B2n = 82 + xn;B2pn = 82 + xn; 
B2mn = B2-xn;DB2n = B2pn + B2mn; 
Blnp2n = Bln + B2n;Blnm2n = Bln - B2n; 
DBBln = Blnp2n + Blnm2n; AN2B = xn + al; 
% Perform the signal processing 
Nl = 4096; 
yDBBln = fft(DBBln, Nl); 
aDBBln = abs(yDBBln(l:Nl/2) ); [mDBBln indexDBBln] 
max(aDBBln); 
Appendix II - Signal processing code 
fmxDBBln = (indexDBBln -1)/(Nl/2); 
yAN2B = fft(AN2B, Nl); 
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aAN2B = abs(yAN2B(l:Nl/2)); [mAN2B indexAN2B] 
fmxAN2B = (indexAN2B -1)/(Nl/2); 
max ( aAN2B) ; 
% Report progress 
figure (1); 
subplot (211); 
plot (f, fmxBln, 'b*', f, f, 'ro') ;hold on;grid on; 
subplot(212); 
plot(f,fmxAN2B, 'b*',f,f, 'ro');hold on;grid on; 
title('Trend of Burst AN2B with Noise 0:0.05:1.4'); 
xlabel('I/P Frequency');ylabel('O/P Frequency'); 
P(k) = f; 





% Convert frequency maximum fmx into velocity 
6f = fmxAN2B - 400.072; 
u 2 = 6f * 1.55; 
% Compare u 1 and u 2 
6u = u 1 - u 2; 
% Perform Regressing 
Xl = [ones(41,1),XJ; 
[rl,r2,r3,r4,r5] regress(Y,Xl); 
R(m) = r5 (1, 1); 
figure (2); 
plot(n,R(m), 'b*');hold on;grid on; 
title('Trend of Burst DBBln with Noise 0:0.05:1.4'); 
xlabel ( 'White Noise') ;ylabel ( 'Correlation (R"2) '); 
m = m + 1; 
end 
shg 
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Appendix III - Amplified reference 
beam storage loop simulation code 
The Amplified reference beam storage loop simulation was performed in MATLAB 
6.0, using the following code. 
% Simulation of amplified reference beam storage loop experiment 
% Jyi-Lai Shen 
% June 2002 
% Define the number of data points per nanosecond 
dppns = 10; 
%Define the delays in time between nodes 
m=50; 
tdl =157.3*m*dppns;%BDF1% 
td2 =5.2*dppns;%Input of OC2% 
td3 =0.3*dppns;%OC2% 
td4 =5.2*dppns;%0utput of OC2% 
td5 =17.0*dppns;%0Il% 
td6 =5.2*dppns;%Input of OC1% 
td7 =0.3*dppns;%0Cl% 









tdl7=5.2*dppns;%Input of OC1% 
tdl8=0.3*dppns;%0Cl% 
tdl9=5.2*dppns;%0utput of OC1% 
td20=5.2*dppns;%Input of OC2% 
td21=0.3*dppns;%0C2% 
td22=5.2*dppns;%0utput of OC2% 
%Define the reflections from the connectors 
InputReflect = 0.2;%Input reflection from single mode fibre 
coupler% 
OutputReflect = 0.2;%0utput reflection from photodetectors% 
Reflect= 0.01;%Reflection from FC connectors% 
Absorption= 0.01; 
Propagate= 0.98;%Transmission in propagating direction% 
%Define the amplifier gain and absorption within the storage loop 
EDFAGain = 31.6; 
%Define the input signals for the storage loop 
Measlnput(l:500*dppns) = 0; 
Reflnput(l:500*dppns) = 0; 
a= 100*dppns:160*dppns; 
Measlnput(a) = sin( (a-(lOO*dppns) )/(60*dppns) * 
pi) . ~ 2. * exp ( i * 2 *pi* 12. 5 * ( a- ( 10 0 *dppns) ) I dppns) ; 
Reflnput(a) = sin( (a-(lOO*dppns) )/(60*dppns) * 
pi) . ~ 2. * exp ( i * 2 *pi* 12. 7 6 * ( a- ( 10 0 * dppns) ) I dppns) ; 
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xn(t)=rand*2 - l; 
PhaseNoise(t)=(log(l-abs(xn(t) ))/l.49*sin(xn(t))) * n; 
end 
PhaseNoise(l:3500*dppns) = 0; 
ASENoise(l:3500*dppns) = 0; 
ASENoise(a)= sin( (a-(lOO*dppns) )/(60*dppns) * 
pi) .~2.*exp(i*2*pi*25.0*(a-(100*dppns) )/dppns); 
%Define starting period of no signals 
P(l:500*dppns,l:81) = 0; 
% Perform the simulation 
fort= 100*dppns+l:500*dppns 






















































































fprintf('%d / %d\n',t,500*dppns); 
% Write data files for each node 
for f=l:81 
filename= sprint£(' .\\ARBSsimulation\\ressqr%02d.csv', f); 
P(:,f) = abs(P(:,f)) ." 2; 
out file = £open ( filename, 'w'); 




time= [ t ( 2 ) : t ( 1 ) J ; 




legend ('Node 7 3', 'Node 9') 
grid on; 
axis([lOO 3200 0 l]) 
xlabel ('Time ( ns) ') ; ylabel ('Amplitude (Arbi tary) ') ; 
subplot(312) 
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plot (time, P (:, 1 7) , 'b-') ; 
legend( 'Node 15') 
axis([lOO 3200 0 l]) 
grid on; 





xlabel('Time (ns) ');ylabel('Amplitude (Arbitary) '); 
set(gca, 'ytick', [-0.6:0.2:0.6]); 
axis( [100 3200 -0.6 0.6]) 
shg 
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Appendix IV - Pulse circuit 
The pulse circuit used in the amplified reference beam storage loop experiment was 
designed using ORCAD 9.0. The circuit schematic is illustrated below and the PCB 









Tunable V\lidth Pulse Circuit 
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Figure 7. 1 - The schematic diagram of pulse circuit. 
r•v <Re Code> 
, of , 
The schematic diagram uses a series of Schmitt trigger high-speed CMOS NANO 
gates (74HC132, Farnell, New Zealand) to adjust the duty cycle of the pulse. The 
circuit has a time constant determined by the product of the variable resistor R3 and 
capacitor C5 that allows setting the pulse width between 10 ns and 100 ns. 
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(a) 
(b) 
Figure 7. 2 - (a) Bottom side of pulse circuit PCB and (b) the photograph. 
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Appendix V - RF amplifier circuit 
The RF amplifier circuit used in the amplified reference beam storage loop 
experiment was designed using ORCAD 9.0. The circuit schematic and the PCB are 
illustrated below. The PCB is shown with both top and bottom sides of the board. 
The first two stages of the RF amplifier use the CLC425 operational amplifiers from 
National Semiconductor. This integrated circuit combines wide bandwidth (1.9 GHz 
GBW) with very low input noise (1.05 nVh/Hz, 1.6 pA/..JHz), low DC errors 
(100 µV VOS, 2 µV/°C drift) and provides a precise, wide dynamic-range at gains of 
2: 10. The first stage is a transimpedance amplifier, where the gain and output voltage, 
Vo, is determined by the feedback resistor, R.,: 
7-1 
where R-1 is 10 kQ, and the photocurrent, fsc, typically only several µA. The second 
stage is a voltage amplifier with a gain of 15 dB. The final two stages consist of a 
differential amplifier and a voltage follower and use the AD8001 (Analog Devices). 
This is a low power, high-speed amplifier designed to operate off a 5 VDC supply 
consuming only 50 mW of power. It is a current feedback amplifier and features gain 

















































































































































































































































































































Appendix V - RF amplifier circuit 149 
(a) 
(b) 
Figure 7. 4 - (a) Top side and (b) bottom side of RF amplifier PCB. 
150 Doppler velocimetry lidar with amplified reference beam storage loop 
151 
Appendix VI - Phase-locked loop 
demodulation circuit 
The phase-locked loop demodulation circuit used in the amplified reference beam 
storage loop experiment was designed using ORCAD 9.0. The circuit schematic and 
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Figure 7. 5 - The schematic diagram of phase-locked loop demodulation circuit. 
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Figure 7. 6 - Bottom Side of phase-locked loop demodulation PCB. 
Here is the schematic of a phase-locked loop used for noise reduction. There are two 
mixers (Tuf-3hsm, Mini-circuits, New York, USA) that are used in this system to 
merge two signals. These mixers provide a frequency range of between 0.15 and 
400 MHz with a Mid-band conversion loss of 5.0 dB. Mixer 1 is used to combine the 
Doppler shifted measurement light and a very stable and precise 10.752 MHz 
frequency provided by the crystal oscillator (112434, Farnell, New Zealand). The 
two CMOS NAND gates (74HC132, Farnell, New Zealand) are used as converters. 
This combined signal is directed into a low-pass filter (PLP450, Mini-curcuits, New 
York, USA). The output from low pass filter is then mixed with the 400 MHz input 
signal provided by the frequency doubler (RK-2, Farnell, New Zealand) and passed 
to the bandpass filter (PBP-10.7, Mini-curcuits, New York, USA). The signal then 
enters the phase locked loop (74VHC4046N, Farnell, New Zealand) and is then the 
output. 
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Appendix VII - Coherence length 
determination 
Moving mirror 
Laser Fixed mirror 
Detector 
Figure 7. 7 - Block diagram of Michelson interferometer. 
The coherence length was measured using the set-up shown m Figure 7.7. 
Interference fringes were recorded, and the fringe visibility was determined. 
The intensity on the detector is (Saleh and Teich, 1991) 
I 
I = I + I + 2 ( / / )2 lg I COS(() 
I 2 I 2 12 
7-2 
where /1 and h are the intensities, g12 is the cross correlation, and <p is the phase 
delay between the two beams. The fringe visibility is defined as 
V = /max - /mm 
/max + /min 
7-3 
where Imax and Imm are the maximum and minimum values of/ when the mirror is 
moved. Since cos<p varies between I and -1 this leads to 
7-4 
If 11 = h this simplifies to 
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7-5 
The cross correlation g12 is equivalent to the degree of temporal coherence g(r), 
which is related to the coherence time re and the coherence length le: 
7-6 
£ C = CTC 7-7 
where c is the speed of light. 
Interference occurs only when the optical path difference is smaller than the 
coherence length. le is the length where the fringes have totally disappeared and the 
fringe visibility is zero. In practice, this was defined as the point where the visibility 
dropped below 10%. 
For the 15 50 nm D FB laser used in this thesis, the coherence length was measured to 
be 0.27 mm± 5%. 
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